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AN ANALYSIS OF THE TITRATION DATA OF OXYHEMO- 
GLOBIN OF THE HORSE BY A THERMAL METHOD 


By JEFFRIES WYMAN, Jr. 


(From the Biological Laboratories, Harvard University, Cambridge) 


(Received for publication, July 16, 1938) 


There is a great amount of data on the titration of proteins with 
acids and bases. Most of this has received some degree of inter- 
pretation in terms of the composition of the molecules. In a 
number of cases the total acid- and base-combining power has 
been shown to be in very close agreement with that calculated on 
the basis of the analytical figures for the amino acid content of the 
proteins in question. In at least one case, moreover, it has been 
possible to fit the data in a satisfactory way over the whole range 
by dividing the total number of acid- and base-combining groups 
into a relatively small number of classes and assigning to each 
class a suitably chosen acidity constant, and the required choice 
of classes and constants has not been inconsistent with the known 
composition of the protein. 

There is another method of approach available for the analysis 
of the acid- and base-combining power of the proteins which so 
far has not been tried, but which may be expected to shed new 
light on the problem and to supplement the information derived 
in other ways. This, which we may call the thermal method, 
consists in determining the effect of temperature on the titration 
curve. Since the different acid- and base-binding groups of these 
polyvalent molecules are for the most part characterized by dif- 
ferent heats of dissociation, we should expect, in accordance with 
the van’t Hoff equation, that the effect of temperature would be 
different in different ranges of the titration curve, and this should 
make it possible to see directly in which ranges different groups 
are active. In this paper we describe the application of this 
method to the case of a well known protein, oxyhemoglobin of the 
horse. First we shall give the results of the titration of oxyhemo- 

globin in solution at three temperatures and the apparent heat of 
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2 Titration of Oxyhemoglobin 


dissociation as a function of pH calculated from these data; we 
shall then develop the theory underlying the method, and make 
use of it in the analysis of the data on oxyhemoglobin.! 

The horse hemoglobin was crystallized by the method of Ferry 
and Green, as described by German and Wyman (2), from con- 
centrated cells kindly furnished by the Massachusetts Antitoxin 
and Vaccine Laboratory. The final crystals were dissolved in 
0.3 M aqueous sodium chloride to provide the stock solution which 
was used for all the measurements. This solution contained, 
according to a Kjeldahl analysis, 12.42 gm. of nitrogen per liter, 
or 73.8 gm. of hemoglobin per liter, on the basis of a nitrogen factor 
of 5.93 (Vickery and Leavenworth (3)). At the end of the meas- 
urements the solution was found to have an oxygen-combining 
capacity of 9.71 volumes per cent. Assuming the molecular 
weight of hemoglobin to be 66,800, this indicates that only 1.9 
per cent of the protein was inactive. This amount is so small 
that any corrections based on it are less than the experimental 
error, and it has been ignored in calculating the results. 

Measured amounts of approximately 0.1 nN HCl or NaOH were 
added to aliquots of stock solution, and the resulting mixture 
diluted with water to give the same final concentration of protein 
in all cases. This involved a dilution of the stock solution to 132 
per cent of its original volume. The titrated aliquots were equili- 
brated with oxygen at a pressure of about 90 to 100 cm. of mercury 
in a tonometer before injection into the electrode for measurement. 

The pH was determined with a glass electrode in connection 
with a high resistance vacuum tube bridge (1). The measure- 
ments were made at three temperatures, 6.5°, 25°, and 37.7°, con- 
trolled by water pumped from a constant temperature bath 
through a glass jacket surrounding the electrode. The electrode 
was calibrated constantly throughout the course of the measure- 
ments with various standard buffers. The composition of these 
buffers and the pH assigned to each for each of the three tem- 
peratures are given in Table I. The values of the pH are based 
on interpolations or extrapolations from data given by Clark (4) 
wherever the values are not given directly by him. 

1 It should be noted that in 1924 Stadie and Martin (1) made an estimate 


of the heat of ionization of hemoglobin as a base from the shift of the iso- 
electric point with temperature. 
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TABLE | 
PH of Standard Buffers 


10 cc. citrate* 4.92 4.98 5.03 
+ 1.0 ec. NaQH* 5.07 5.13 5.18 
0.25 NasHPO, + 9.75 KH:PO,.t | 5.31 5.28 5.26 
m4. * +10.6 7.73 7.70 7.67 
10 ‘* borate$ 9.33 | 9.19 9.10 
* Clark (4), Table 42. 
t Clark (4), Tables 41 and 43. 
t Clark (4), Table 43. 
§ Clark (4), Table 38. 
T T T T 
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Fic. 1. Titration curves of oxyhemoglobin at three temperatures. Acid and 
base are expressed in milliequivalents per gm. of hemoglobin. 
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The titration curves for each of the three temperatures are 
shown graphically in Fig. 1. In Fig. 1 the ordinates give milli- 
equivalents of acid or base per gm. of hemoglobin, which, if de- 
sired, may be converted into equivalents per mole simply by 
multiplying by 66.8 on the assumption of a molecular weight of 
66,800. The results at 25° are in good agreement with other 
data and it is unnecessary to tabulate them numerically. 

The point in which we are primarily interested here is a second 
order effect; namely, the difference of pH between the three curves 
for given values of the ordinates. It is this quantity which deter- 
mines what we shall call the apparent heat of dissociation, Q’, and 
define, by analogy with the case of a weak monobasic acid, by 
the equation 


pH 
a ‘= —2.303 RT? | —— 
(1) Q 303 ( aT ), 


In this equation and subsequently, R denotes the gas constant, 
T the absolute temperature, and B the total amount of base pres- 
ent. The justification of this definition is given below. In 
Fig. 2 we have plotted values of this quantity expressed in calories 
as a function of pH over the entire range covered by the data. 
These values were actually calculated from the pH values taken 
from the smooth curves of Fig. 1 at various convenient values of 
the ordinate by the expression 

pH, — pH, 

T, — T; 


(2) —4.579 7; 


in which subscripts 1 and 2 refer to the two different temperatures 
in question. In Fig. 2 each value so caleulgted is plotted against 
the corresponding mean pH; 7.e., (pH. + pH,)/2. 

Let us now consider first very briefly the case of a simple acid 
SH which dissociates to give the products S~ and H* in aceord- 
ance with the equation 

asH 


(3) k 


where a denotes activity and k is the thermodynamic equilibrium 
constant. Q, the heat of dissociation per mole,? is given by the 

2 This is the increase of total heat; 7.e., the heat absorbed as a result of 
the dissociation. 
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van’t Hoff equation 


aink 
4 = RT? —— 
(4) aT 
Actually, what is more readily determined from the titration 
data is not the thermodynamic constant k but the acidity con- 


stant k’ defined as 


Cs- SH 

ant = k’ 

Csu fs- 

in which C denotes concentration, and f activity coefficient. The 
van’t Hoff equation, expressed in terms of k’, is 


(5) 


fs- 
(6) Q er 


The expression R7T?(d1n k’/dT) gives what we call the apparent 
heat of dissociation Q’. This may be calculated from the titra- 


a T T T T T T _ 
re) olo 
10 
Pep el “o . 
= 
5 l l ] 
4 5 6 7 & 9 10 pH 


Fic. 2. Apparent heat of dissociation of oxyhemoglobin as a function 
of pH. @ = values for the 25-37.7° interval; O = values for the 6.5-25° 
interval. 


tion data at once without any knowledge of activity coefficients 
from the equation 


(7) Q’ = 


Q’ is of course not the same as the true heat of dissociation Q, but 
in general it is very close to it, since In (fs-/fsq) varies but little 
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with temperature regardless of its absolute magnitude. The fact 
that Q’ involves only the temperature derivative of fs-/fgq and 
not this quantity itself is of considerable importance for the more 
complex case about to be considered, since it shows that even 
very great modifications in the residue attached to a given disso- 


ciating group can have little or no effect on the apparent heat of 


dissociation in so far as they lead only to changes in fsq and fg, 
however great. Provided the acid is sufficiently weak in relation 
to its concentration and the pH of the solution to allow us to make 
the usual approximation of setting Cg- equal to the amount of 
base added,* the apparent heat of dissociation may be simply 
reckoned from the change of pH with temperature of a partially 
titrated solution containing a fixed amount of base, by the follow- 
ing equation, which results from Equations 5 and 7 


pH 
(228) 


This method of reckoning Q’ is the only one practicable in the 
more complex case which we will now consider, that of a poly- 
valent molecule, like a protein, containing n acid or basic groups. 
We shall treat all these groups as acid groups and express their 
dissociation in terms of n acidity constants k. For convenience 
of notation in what follows we shall omit the prime marks when 
referring to the acidity constants and apparent heats of dissocia- 
tion and shall use H to refer to the activity of the hydrogen ions, 
omitting the symbols a and +. We shall assume that the n 
groups are independent, so that the dissociation of each is un- 
affected by that of the others. As a result of the independent 
dissociation of these n groups there will be n + 1 classes of ions, 
to which we shall refer by subscripts 0, 1,...n. Each class is 
characterized by the total number of hydrogen ions dissociated, 
or, what amounts to the same thing, by the number of equivalents 


* The error involved in this approximation is 
Cs-— Ca _ Cu+(Cur + k’) 
Cs- k(Csu + Cg-) 


provided we assume the base to be completely dissociated, neglect the 
dissociation of water, and take Cy+ = ay. 
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of base bound, per mole, and this number is the same as the sub- 
script. These n + 1 classes are all in equilibrium with one an- 
other, and the concentration Cg, of ions in the 7’th class may be 
expressed in terms of the concentration Cg, of ions of the O’th 
class as follows: 


(9) 


Each of the n constants A depends on the n individual k’s and 
K,; is the sum of all the n!/(n—7)!7! different products of 7 k’s 
chosen from the total number of nk’s. The total concentration 
of all the ions of all classes is 


Ky Ky 


and the total amount of base bound is 


1, 2K: 


We have introduced the symbols A and G for convenience to 
refer to the two expressions in parentheses. The amount of base 
bound per mole of material is 


(12) b= G/A 


A formal differentiation of bin terms of In H and In Ay,... In K, 
gives 
ab = ab 
b=(-—— din In Ky 
(13) (, In H (, In 


If b is constant and In H and In K;,. .. are expressed as functions 
of the temperature, this becomes, after multiplication by RT”, 


ain H ab Qi 
(14) aT ), (, In =), (db/8 In H) x; 
in which 
0 
(15) = 


| 
| 
| = 
| Cs, _ Ki 
| Cs, 


bey 
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If we make use of Equations 10, 11, and 12 and remember that 
dln =1/z, Equation 14 becomes 


1K; Q; = K; 
A> 
dln H H H 
b ‘ 


t=] 


It follows from the structure of A; that Q; consists of n!/z!(n — 72)! 
terms all constructed in the same way, of which the first is 


ky kg + + qi) / Ky 


Each q is the apparent heat of dissociation of an individual group; 
e.g..% = RT? alnk,/aT. Q; is the apparent heat of dissociation 
for the total step from class 0 to class 7: Sp—S; + 7 hydrogen ions. 
(’ = RT? (alnH/@T), is the apparent heat of dissociation of the 
molecule as a whole and may be determined from the experimental 
data by Equation 1, as was done in constructing Fig. 2. 

When the q’s are the same for all the groups and equal to q, 
()’ calculated from Equation 16 reduces to qg, as we know it must. 
When the q’s are different, but the k’s are all the same, it follows 
from the same equation that Q’ is independent of pH and equal 
to the arithmetic mean of all the q’s. If the groups fall into two 
equal classes, each characterized by a given q and k, then Q’ is the 
same as for a simple dibasic acid with one group having one k and 
q, the other group having the other k and q. Equation 16 shows 
how in any given case Q’ varies as the pH is changed. The sharp- 
ness of the transition of Q’ from one level to the next and the sep- 
aration of the levels depend on the spacing of the successive pK’s 
as well as on the corresponding q’s and increase as the spacing 
increases. 

The behavior of Q’ in a number of special cases is illustrated in 
Figs. 3and4. Fig. 3 is for a molecule containing two groups hav- 
ing the constants pk; and pke > pk; and heats q; and q@ > qu. 
The ordinate gives (Q’ — q:)/(g2 — q:); the abscissa gives pH — 
(pk; + pke)/2. The curves are all symmetrical and in each case 
the value of the upper asymptote is given. The positions of the 
pk’s are shown by the circles. It may be seen that when the 


‘ J.e., values of the abscissa for which pH = pk, or pH = pkg. 
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separation of the pk’s is about 1.5 units or more the case is not 
very different from that in which the pk’s are infinitely separated. 
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Fic. 3. The ordinates give (Q’ — q:)/(q2 — qi); the abscissas pH — 
(pk: + pk2)/2. Curve 1, pke — Curve 2, pk: — pk: = 1.690; 
Curve 3, pk: — pk: = 0.845; Curve 4, pk: — pk: = 0.301. 
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Fig. 4. The ordinates give (Q’ — q:)/(q2 — qi); the abscissas pH — pks. 
Curve 1, pks — pk: = pkz — pk; = 0.845; Curve 2, pk; = pks, pk: — pk: 
= 1.690; Curve 3, pks = pke, pke — pk: = 0.845. 


Fig. 4 illustrates three cases of a molecule containing three groups 
characterized by pk; and qi, pke > pk; and g. > q:, and pk; 2 
pk, and gq; = q. The ordinates give (Q’ — q)/(q2 — qi) and 
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the abscissas pH — pk;. Here again the positions of the pk’s 
are indicated with circles, and the values of the upper and lower 
asymptotes are given. 

In the hght of this analysis it appears from Fig. 2 that over the 
range from pH 4 to pH 10 the dissociating groups of oxyhemo- 
globin fall into three classes on the basis of the heat of dissocia- 
tion. Members of Class 1 have an average apparent heat of 
dissociation of —2000 or —3000 calories, and are active in the 
acid range of the titration. Members of Class 2 have an average 
apparent heat of dissociation of about +6200 calories and are 
active in the middle range. Members of Class 3 have an aver- 
age apparent heat of dissociation of +11,500 calories and are 
active in the alkaline range of the titration. These three classes 
correspond to the three plateaus of Fig. 2, separated by two 
transition regions whose mid-points lie close to pH 5.5 and 
8.5 respectively. The right-hand transition is complete in about 
1 pH unit and this rather sudden transition suggests a wide sep- 
aration, 2 units or more, between the pk of the most alkaline 
group of Class 2 and that of the most acid group of Class 3, which 
must be, respectively, not more than about 7.5 and not less than 
aboyt 9.5. With a separation of the nearest groups of the two 
classes as great as this the effect of other groups further to the 
right and left is neghgible. 

In contrast to this, the left-hand transition in Fig. 2 occupies 
at least 2 pH units. This suggests that the separation of the pk 
of the last group of Class 1 and that of the first groups of Class 2 
is much less than 2 units and that other groups to the right and 
left have an effect. This situation when the groups are closely 
spaced is more complicated. Fig. 4 gives some idea of what may 
be expected. Curve 1, which represents the case where the three 
pk’s are equally spaced and separated by 0.85 unit, is the one in 
which the transition is most flattened and prolonged. The ad- 
dition of other groups to the right and left would serve to extend 
the transition shghtly more and to shift the asymptotes toward 
+1 and —1, and with this modification Curve 1 is probably 
fairly representative of the acid transition of Fig. 2. We may 
conclude, therefore, that the pk of the most alkaline group of 
Class 1 is about 5 and that of the most acid groups of Class 2 


about 6. 
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Let us consider the amount of base bound by the groups of 
Class 2, having a heat of dissociation of 6200 calories. If we 
recall that more than 80 per cent of the titration of any acid group 
is accomplished within a space of 2 pH units centered about the 
pk value, we see that there can be very little overlapping as re- 
gards the base bound by these groups and those of Class 3. The 
latter do not begin to bind any considerable amount of base up 
to about pH 8.5 or more. In the range of the left-hand transition 
of Fig. 2 we may expect an appreciable amount of overlapping as 
regards base bound by groups belonging to Classes 1 and 2. 
Consideration shows, however, that owing to the roughly sym- 
metrical way in which the overlapping occurs we obtain approx- 
imately the correct result by attributing all the base bound on the 
alkaline side of the mid-point of the left-hand transition region 
of Fig. 2, 7.e. pH 5.5 or 5.6, to the groups of Class 2 and all the 
base bound on the acid side of this point to groups of Class 1. The 
difference between the total amount of base bound per gm. of 
protein at 25° between pH 8.5 and 5.5 read from the middle curve 
of Fig. 1 is 0.46 equivalent. This corresponds to 31 equivalents 
per mole. This is almost the same as the analytical figure for 
the number of histidine units per mole; namely, 33 (3, 5). Now 
the characteristic heat of dissociation of the imidazole group of his- 
tidine is known to be 6200 or 6900 calories (6, 7). There can be 
little doubt therefore that Class 2 consists of the imidazole groups 
of the histidine units. Since the pH range covered by groups of 
Class 2 includes the range where the base-binding power of hemo- 
globin is affected by oxygenation (2), it must be certain of these 
groups which lie close to the oxygen-combining centers and are 
affected by the introduction of oxygen into the molecule. 

On the other hand, the groups of Class 1, the acid class, are 
certainly carboxyl groups. These are known to have a very small 
heat of dissociation, sometimes positive, sometimes negative, but 
never more than +2000 or 3000 calories (6) and this agrees well 
with the observed heats. 

The remaining groups to be considered are the guanido groups 
of the 13 to 16 arginine units (4, 5), the amino groups of the 37 to 
44 lysine units (4, 5), the hydroxyl groups of the 12 tyrosine units 
(8), and the sulfhydryl groups of the somewhat uncertain number 
of cysteine units, given by chemical analysis of the hemoglobin 
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molecule. Data are lacking on the heat of dissociation of the 
sulfhydryl group, but that of the hydroxyl group in dihalogenated 
tyrosines is 800 to 900 (7), that of the guanido group of arginine 
is 12,400 (7), and that of the amino group is between 9000 and 
12,000 (7). All these groups dissociate at strongly alkaline reac- 
tions, but our results indicate that the strongly alkaline groups 
of Class 3 must be either the amino groups of lysine or the guanido 
groups of arginine. 

This analysis is in good accord with the recent results of Cohn 
and others (9) involving the titration of carboxyhemoglobin, 
which is believed in this respect to be like oxyhemoglobin, in the 
absence of salt. They have shown that between pH 1.5 and 13 
the curve involves in all the dissociation of 261 «K 10~° equivalent 
of hydrogen ions per gm. or 174 equivalents per mole of hemo- 
globin, and they show that the data may be fitted within the 
accuracy of the experiments by assuming the presence in each 
molecule of fourteen groups of pk’ = 11.6, forty of pk’ 10.8, 
twenty of pk’ 7.5, thirteen of pk’ 5.7, four of pk’ 4.8, and 83 of pk’ 
3.7 or 4.0. They suggest, as our results confirm, that the thirty- 
three groups of pk’ 5.7 or 7.5 are the imidazole groups of histidine. 
They also suggest that the forty groups of pk’ = 10.8 are the 
amino groups of lysine, which accords with the heats that we 
have observed. 


SUMMARY 


The apparent heat of dissociation of a polyvalent substance 
like a protein is defined in terms of the effect of temperature on the 
titration curve. An analysis is given showing how this apparent 
heat of dissociation is related to the heats of dissociation of the 
individual groups of the molecule. From the observed variation 
of the apparent heat of dissociation with pH and a knowledge of 
the characteristic heats of dissociation of the individual groups it 
is possible to decide which groups are active in different ranges of 
the titration curve. 

The apparent heat of dissociation of oxyhemoglobin of the 
horse has been determined between pH 4 and 10. The data in- 
dicate that the groups active acid to pH ~ 5.5 are carboxyl groups, 
that those active between pH ~ 5.5 and pH ~ 8.5 are the imid- 
azole groups of histidine residues, and that those active alkaline 
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to pH ~ 8.5 are either amino groups or the guanido groups of ar- 
ginine residues. From this it follows that the groups affected by 
oxygenation of hemoglobin are the imidazole groups of a certain 
number of histidine residues. 


or 
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DETERMINATION OF CHOLESTEROL 
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and Dentistry, The University of Rochester, Rochester, New York) 


(Received for publication, September 30, 1938) 


The choice of a method for the determination of cholesterol in 
biological samples is determined by two factors: (a) the time 
available for the analyses and (b) the degree of accuracy desired. 
Because of their extreme simplicity, the methods of Bloor (1) for 
total cholesterol and of Bloor and Knudson (2) for ester choles- 
terol are the methods of choice for many routine determinations. 
These methods make use of the Liebermann-Burchard color reac- 
tion applied to the blood lipids without saponification. In general, 
the results are 10 to 20 per cent higher than by the digitonin pre- 
cipitation methods and are sometimes affected by other colors in 
or produced by the blood extracts. For precise analytical results, 
it is necessary to use more exacting procedures. The following 
method has been in use in this laboratory for 2 years and, since all 
of the several steps are in common use in fat analyses, it is rela- 
tively simple in technique. No tricky procedures are involved in 
the method, nor is any special apparatus other than an ordinary 
colorimeter required. 

In brief, the method consists of the formation of insoluble choles- 
terol digitonide, either from the original or from the saponified 
sample. The digitonide, after purification with petroleum ether, 
is decomposed by boiling in benzene and the free sterols isolated 
by petroleum ether extraction. This material is assayed by the 
Liebermann-Burchard reaction. 


Methods 
Preparation of Extract for Analysis 


Alcohol-ether extracts of the blood or tissue to be analyzed are 
made according to the classical methods of Bloor (3). Aliquots of 
15 
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the filtered extract are chosen so as to contain approximately 
0.5 mg. of cholesterol. Since the method is intended to be used 
as an integral part of the general Bloor technique for differential 
lipid analysis, the reader is referred to his publications (3, 4) for 
the details of the extraction of the sample. 

Total Cholesterol—For the determination of total cholesterol, 
it is necessary to saponify the bound cholesterol before the pre- 
cipitation with digitonin. Evaporate a suitable aliquot of the 
sample to a paste in a 50 ec. Erlenmeyer flask on the steam bath. 
Mix 10 ec. of 1:1 aleohol-ether and 0.3 ec. of potassium hydroxide 
solution! and add to the sample. Bring to a boil and set on the 
back of the steam bath or in the incubator at 37° for half an hour. 
At the end of this time, neutralize the sample by adding 1.0 ce. 
of dilute hydrochloric acid? and evaporate to a paste on the steam 
bath. While the sample is still warm, add 10 ee. of petroleum 
ether and boil on the steam bath until about half of the petroleum 
ether has evaporated. Carefully decant the petroleum ether into 
a 15 ec. centrifuge tube without letting any of the aqueous layer 
pass over. Extract the residue a total of four times and concen- 
trate the sample to 0.5 ec. with the aid of a boiling rod.* 

Free Cholesterol—-For the determination of free cholesterol, it 
is necessary to have a phospholipid-free sample, since, as has been 
shown by McEwen (5), digitonin causes the precipitation of phos- 
pholipid as well as sterols. In most cases, the acetone-soluble 
fraction from the phospholipid precipitation is available for this 
analysis. If only free cholesterol is to be determined in the 
sample, the phospholipid is precipitated according to the method 
of Bloor (3) and the acetone-soluble fraction concentrated to 0.5 
ec. with the aid of a boiling rod. 


1 Prepared by dissolving 35 gm. of 85 per cent potassium hydroxide and 
making to 100 ce. 

2 Prepared so that 1.0 cc. is sufficient to make 0.3 ec. of the potassium 
hydroxide solution definitely acid to litmus. 

$ Pull out a 10 inch length of 3 mm. glass rod so that the center is about 
0.5 mm. in diameter. Break in the center and heat the narrowed end in 
the flame until a glass drop is formed which is about the same size as the 
original rod. While still hot, make a small hole in the bottom of the glass 
drop by pressing onto an inverted thumb-tack. This rod will permit 
solutions in centrifuge tubes to boil rapidly without bumping. 
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Isolation of Cholesterol 


Add 4.0 ce. of the digitonin solution* to the prepared sample in 
the centrifuge tube. Evaporate to dryness in a beaker of hot 
water on a hot-plate and dissolve the contaminating substances by 
boiling the precipitate in 12 ec. of petroleum ether. Remove the 
boiling rod and centrifuge the tube for 3 to 4 minutes. The flaky 
precipitate is usually well packed in this length of time and the 
supernatant liquid can be discarded. Repeat this extraction 
twice. If desirable, the decantates from the free cholesterol 
samples can be saved for saponification and determination of ester 
cholesterol. 

Replace the boiling rod in the centrifuge tube, add 7.0 ce. of 
benzene, and boil evenly and slowly for a total of 45 minutes. 
Replace the benzene as needed in the tube in order to keep the 
volume above 5ece. At the end of the heating period, concentrate 
the benzene to 3 ec. and add petroleum ether to bring to 12 ce. 
while still warm. On stirring, the digitonin will be precipitated 
and can be centrifuged out. The technique of extraction is the 
same as before, except that this time the purified cholesterol 1s 
contained in the petroleum ether washings. ‘To remove all of the 
cholesterol, three extractions are recommended. Combine the 
decantates in a 50 ec. Erlenmeyer flask and evaporate to dryness 
on the steam bath. Remove the last traces of solvent with a 
gentle stream of air. The sample is now ready for the actual 
determination of the cholesterol content. 


Colorimetric Assay 


Pipette exactly 5.0 cc. of chloroform into the sample, carefully 
rinsing down the sides of the Erlenmeyer flask. Decant this 
solution as completely as possible into a 10 cc. glass-stoppered 
graduated cylinder. Since the concentration and not the total 
amount is the measured factor in colorimetric determinations, 
it is necessary only to have the sample made up to a known vol- 
ume. Add 1.0 ee. of acetic anhydride and 0.1 ec. of concentrated 
sulfuric acid to both the sample and the standard solution. The 


* Make a 0.2 per cent solution of digitonin in 95 per cent alcohol by 
warming on the steam bath until the solution is clear. 
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standard solution contains 0.500 mg. of cholesterol in 5.0 ec. of 
chloroform. Mux the contents of both cylinders by inversion and 
set in a water bath at about 23° for 15 minutes under moderate 
light conditions. With a red Wratten color filter No. 29 placed 
over the eyepiece of the colorimeter, compare the sample with the 
standard. 


DISCUSSION 


Decomposition of Cholesterol Digitonide—Benzene has been 
found to be the most satisfactory reagent for the decomposition 
of the purified cholesterol digitonide. Xylene and pyridine have 
long been used to recover the expensive digitonin from samples, 
but these compounds, as well as the glacial acetic acid used by 
Yasuda (6) and by Smith and Marble (7), are high boiling and 
therefore difficult to remove from the purified cholesterol. In 
addition, the use of glacial acetic acid causes the formation of 
cholesterol acetate (7), which would then have to be saponified, 
since ester cholesterol cannot be quantitatively compared to free 
cholesterol in the colorimeter, as is shown below. 

Several compounds were tested as decomposing agents in addi- 
tion to those already named. Among these were a solution of 
sodium acetate in alcohol (recommended by Lifschitz (8)), car- 
bon tetrachloride, toluene, alcohol, and benzene. Benzene was 
found to be the most practical. Apparently the decomposition 
is brought about by the heating process, since more time is re- 
quired for the quantitative liberation of the cholesterol when 
lower boiling reagents are used. 

Purification of Cholesterol before Assay—The discovery by 
Gardner and Williams in 1921 (9) that esterified cholesterol reacts 
with the Liebermann-Burchard reagents at a greater rate than 
free cholesterol has not been given the consideration that it 
deserves. This discrepancy is vitally important, as is shown in 
Fig. 1. These values were obtained by comparing the apparent 
cholesterol content of the sample after the color was allowed to 
develop for varying lengths of time, but with a fresh cholesterol 
standard for each time interval. The same amount of choles- 
terol (0.500 mg.) was present in each samiple. The color in each 
standard was allowed to develop for 15 minutes at 23° after the 
addition of the color reagents. All data represent duplicate de- 
terminations, with the exception of the 15 minute values which 
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were repeatedly checked. The apparent recovery of the choles- 
terol when present as the palmitate is about 130 per cent. 

The original notation by Gardner and Williams (9) states that, 
“In the case of cholesteryl stearate the figures were slightly higher 
than truth.’’ No data are given for the stearate, but values for 
the benzoate and acetate are calculated to be 104.6 and 111.0 per 
cent, respectively. 

This phenomenon has been fully confirmed by Reinhold (10) 
who was apparently unaware of Gardner and Williams’ findings. 
In 1934, he reported that cholesterol palmitate gave about 120 
per cent apparent recovery, his own specific directions for the 
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Fig. 1. Rate of color development 


development of the color being used. If the ester had been pre- 
viously hydrolyzed, this enhancement effect was lost. Yasuda 
(11) reported this same phenomenon, while apparently unaware 
of both Gardner and Williams’ and of Reinhold’s work. Yasuda 
tested the chromogenic properties of cholesterol palmitate, stear- 
ate, oleate, and a sample of cholesterol esters prepared from pig 
serum. The enhancement effects were 24.5, 25.2, 27.6, and 23.0 
per cent, respectively. They probably account for the higher 
values obtained by Bloor ((1) p. 231) on unsaponified blood ex- 
tracts and may account for the fact that his ester percentages 
are lower than those obtained by Sperry (12). 

Because of this effect, it seems quite conclusive that for precise 
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TABLE I 
Recovery Analyses on Known Samples of Cholesterol Palmitate and 
Free Cholesterol 
Total cholestero! recovery* | Free cholesterol recoveryt 
0). 882 99.5 | 0.506 | 101.2 
0.862 97.5 | 0.513 | 102.6 
0.882 99.5 | 0.524 104.8 
0.873 98 5 | 0.506 101.2 
0.882 99.5 | 0.503 100.6 
0). 882 99.5 | 0.510 102.0 
0). 882 | 99.5 0.506 101.2 
0.862 | 97.5 0.510 102.0 
0.882 | 99.5 | 
0.852 96.0 | | 
0.843 95.5 | | 
Averag@e......... 98.5 | 101.9 
deviation. 1.3 | 0.9 


* Each sample contained 0.886 mg. of cholesterol as the palmitate. 
t Each sample contained 0.500 mg. of free cholesterol. 


TABLE II 
Cholesterol Analyses on Alcohol-Ether Extract of Plasma 


The values are given in mg. per cent. 


f 


Total cholesterol Free cholesterol 
Original Fortified | Original Fortified 
extract extract* extract extract* 
| | 145.8 | 196.0 48.8 99.0 
2 149.0 | 193.2 49.2 | 98.4 
3 143.6 | 192.0 49.0 | 96.6 
4 147.3 |) (197.6 
5 145.0 192.0 os | w@s 
6 194.0 eos | 
7 | 143.0 ma.) @8..|. 
Average......... 49.2 | 97.9 
deviation. | 1.6 0.3 | 0.7 


* Original extract fortified by the addition of the equivalent of 50 mg. 
per cent of free cholesterol. 
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work the Liebermann-Burchard reaction must be carried out with 
the cholesterol in the free form. Furthermore, since other lipids 
give varying degrees of color with these reagents, the cholesterol 
must be fairly free of contaminating substances. In the method 
reported here, the color is developed on a sample consisting of the 
digitonin-precipitable sterols freed from other lipids as well as’ 
from the digitonin. 

Reproducibility of Method—Table I shows the results obtained 
with cholesterol palmitate for the total, and pure cholesterol for 
the free cholesterol determinations. It may be seen that the 
recovery is within the experimental error inherent in colorimetric 
readings. 

In Table II are reported the analyses on an alcohol-ether ex- 
tract of plasma. 50 cc. of plasma were extracted with 20 volumes 


III 
Summary of Recovery Experiments 
. Fortified extract 
Calculated Recovery | deviation 
e 5, mg. per cc. mg. per cc. mg. per cc. per cent | per cent 
0.07290 0.09790 0.09700 | 
0.02460 0.04960 0.04895 98.7 | 1.5 


of 3:1 alcohol-ether, filtered, and aliquots taken for the analyses. 
This extraction was duplicated, 50 ec. of the same plasma being 
used, but 25 mg. of free cholesterol were added to the alecohol- 
ether before filtering, so that recovery in a biological sample could 
be tested. Recoveries, with average deviation values, are given 
in Table III. 

All of the several steps in the procedure have been examined to 
show that quantitative recoveries are possible. Sufficient data 
are recorded in the literature to show that the original extraction 
of the material to be analyzed is satisfactory (3, 4). The condi- 
tions for the precipitation of the digitonide are identical with those 
-_ used by Bloor and Knudson (2), which time has shown to be 
satisfactory. The recovery analyses on pure cholesterol show 
that the decomposition with benzene is quantitative (and the 
Liebermann-Burchard reaction is classical). 
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SUMMARY 


A micromethod for the quantitative isolation of the digitonin- 
precipitable sterols from biological samples has been devised. 
Colorimetric analysis of this material gives an accurate picture 
of the true cholesterol content of the sample, because of the ab- 
sence of the naturally occurring contaminants which usually 
affect the Liebermann-Burchard reaction. 


cholesterol analyses can be made on the same sample. 


The author wishes to acknowledge the helpful advice of Dr. W. 


R. Bloor throughout the course of this investigation. 


CON wt 


BIBLIOGRAPHY 


. Bloor, W. R., J. Biol. Chem., 24, 227 (1916). 
. Bloor, W. R., and Knudson, A., J. Biol. Chem., 27, 107 (1916). 
. Bloor, W. R., J. Biol. Chem., 82, 273 (1929). 

. Bloor, W. R., J. Biol. Chem., 77, 53 (1928). 

. McEwen, H. D., Thesis, The University of Rochester (1935). 
. Yasuda, M., J. Biochem., Japan, 24, 429 (1936). 

Smith, R. M., and Marble, A., J. Biol. Chem., 117, 673 (1937). 
. Lifschitz, I1., Biochem. Z., 282, 441 (1935). 

. Gardner, J. A., and Williams, M., Biochem. J., 16, 371 (1921). 
. Reinhold, J. G., Am. J. Clin. Path., 6, 31 (1936). 

. Yasuda, M., J. Biochem., Japan, 24, 443 (1936). 

. Sperry, W. M., J. Biol. Chem., 114, 130 (1936). 


Both free and total 


} 
= 
10 
12 
¢ 


ADDITIONAL NUTRITIONAL FACTORS 
REQUIRED BY THE RAT* 


By J. J. OLESON, H. R. BIRD, C. A. ELVEHJEM, anno E. B. HART 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison) 


(Received for publication, October 1, 1938) 


Purified rations have been used in vitamin studies with rats for 
many years but it is only very recently that it has been possible 
to supply an appreciable number of the vitamins in pure form. 
Three members of the vitamin B complex are now available com- 
mercially, and vitamin Bg is available on an experimental basis 
(Lepkovsky (1), Keresztesy and Stevens (2), Gyérgy (3), and 
Kuhn and Wendt (4)).. When rats are placed on purified diets 
low in the vitamin B complex but supplemented with thiamine, 
riboflavin, nicotinie acid, and concentrates or crystals of vitamin 
Be, very poor growth results. It is evident that other factors 
are needed. ‘There is considerable work in the literature showing 
that certain concentrates will prevent the deficiency; however, 
the degree of improved growth reported by the different labora- 
tories varies greatly. 

Lepkovsky, Jukes, and Krause (5) were probably the first to 
show the need in rats of a factor distinct from thiamine, riboflavin, 
and vitamin Bs. Since this factor remained in the filtrate after 
the removal of riboflavin and vitamin Bs by adsorption, it was 
called the “filtrate factor.”” Elvehjem and Koehn (6) had shown 
that the filtrate fraction was active in the prevention of chick 
dermatitis, and Lepkovsky et al. (5) found that concentrates which 
were free from vitamin Bs (Factor 1) were active both for the 
prevention of dermatitis in chicks and growth in rats. For some 


* Published with the approval of the Director of the Wisconsin Agri- 
cultural Experiment Station. 
Supported in part by grants from the Wisconsin Alumni Research 
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time this fraction was related to the antipellagra factor but Jukes 
(7) threw some doubt on the identity of the chick factor and the 
antipellagra factor from studies ¢ 4 distribution. It is now known 
that nicotinic acid, the antip-llagra factor, is distinct from the 
chick factor (Fouts et al. (8), Dann and Subbarow (9), Mickelsen, 
Waisman, and Elvehjem (10)). 

The recognition of nicotinic acid as an essential factor immedi- 
ately raised the question of whether it was the factor in the filtrate 
required by the rat. Several workers (9, 11-13) have shown that 
nicotinic acid cannot be used i. place of the filtrate fract’on for 
rats. Frost and Elvehjem (14) obtained some growth in rats 
with nicotinic acid, but their bass! recion contained 12 per cent 
of corn. Von Euler et al. (15) got a response with cozymase and 
alkali-inactivated cozymase only after adding a _ yeast-fullers’ 
earth filtrate preparation. 

Most workers have removed vitamin Bs by adsorption on ful- 
lers’ earth from which it can be eluted with various reagents. It 
has been assumed that the filtrate and eluate each carried only 
one factor. Elvehjem, Koehn, and Oleson (16) found, however, 
that, when liver extract was used as starting material and treated 
with alcohol and ether to precipitate a large bulk of the soluble 
material, the filtrate produced no growth in rats receiving ribo- 
flavin and vitamin Bg until the precipitate was also added. The 
filtrate contained the chick antidermatitis factor and nicotinic 
acid, but whether it contained another factor essential for rats 
in addition to that in the precipitate was not established. Fur- 
ther studies on the precipitate have been made by Frost and Elve- 
hjem (14), and the fraction has been designated Factor W. The 
properties of the so called filtrate factor have been studied by 
Lepkovsky, Jukes, and Krause (5), Halliday and Evans (17), 
Edgar and Macrae (18), and Schultz and Mattill (19). It 1s 
evident that some of the properties reported are similar to those 
given for Factor W. 

Further evidence for the multiple nature of the eluate fraction 
has been given by Gyorgy et al. (20), who obtained a new defi- 
ciency in rats when they were fed purified concentrates of vitamin 
Bs but not when crude concentrates were used. Other factors 
recently reported which are concerned with rat growth are the 
grass juice factor of Kohler, Elvehjem, and Hart (21) and vitamin 
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B, (Kline, Elvehjem, and Hart (22)). Thus it is evident that 
the water-soluble group consists of a larger number of individual 
essential factors than is usually recognized. 

The results reported here have been obtained during the past 
2 years from studies on several phases of the vitamin B complex 
but are combined in one paper because liver extract has been used 
in the preparation of all the concentrates. It may be valuable to 
compare our results with those obtained by other workers using 
concentrates from yeast and rice polishings. 

Since rather crude concentrates have been used, it is possible 
that several factors are concerned. In fact the evidence points 
to this conclusion. Some time will be required before a complete 
picture is obtained, but a careful comparison of the work from 
different laboratories should decrease the time necessary to clarify 
the point. 


EXPERIMENTAL 


Rats from the stock colony were used in all of this work. The 
litters, with their mothers, were placed on raised screens during 
the last week of the suckling period. During this time the young 
were given access to the experimental ration only and the mothers 
removed to another case for feeding. This enabled us to produce 
rats with a more uniform store of some of the factors concerned. 
At weaning the young were given the basal ration ad libitum or 
the basal ration plus the various supplements. All of the rats 
were kept in individual cages. 

A number of different rations have been used but only a few 
will be described here. All the rations contained sucrose 76 to 78 
gm., casein 18 gm., and Salts 1,4 gm. The supplements added in 
four of the rations are given in Table I. 

The casein was prepared from skim milk, reprecipitated three 
times, and extracted four times with boiling alcohol. Salts I 
has been described by Phillips and Hart (23). Several different 
preparations of thiamine and riboflavin were used throughout the 
work, but in the more recent series Merck’s crystalline vitamin B,;! 
and synthetic riboflavin (Hoffmann-La Roche) have been used. 
Crystalline riboflavin, prepared from milk concentrates and kindly 


1 We are indebted to Dr. R. T. Major, Merck and Company, Inc., for 
a generous supply of vitamin B;. 
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furnished by Dr. S. Lepkovsky, was used in many of the earlier 
experiments. The carotene was fed as a water suspension at a 
level twice that recommended by Guilbert et al. (24). The per- 
comorph oil supplied about 6000 1. U. of vitamin A per rat per 
week. Eastman’s nicotinic acid and choline were used. ‘The corn 
fatty acids were prepared by saponification and acidification of 
Mazola oil, followed by several washings and reprecipitation. 
Rats placed on either of the above rations grew very poorly. 
Chart I shows typical results obtained with rats on the various 
rations. ‘The growth curve for only one rat on each ration is given 


TABLE 
Supplements Added to Basal Components of Rations 


| Ration 
Per 100 paris of ration Per rat per day 

9.12 mg. 0.12mg. 0.12mg. 5 micrograms 
Nicotinic acid.......... | | $00 
Corn fatty acids........ | 2 gm. | 

| Per rat per wk. 
min. 


Percomorph oil.........| | 2drops 2 drops 2 drops 


but identical results have been obtained with large numbers of 
rats. When these rations were supplemented with liver extract, 
good growth was generally obtained. The growth obtained when 
Rations J23 and J24 were supplemented with 0.25 gm. of liver 
extract per day or 2 per cent in the ration is shown in Chart I for 
comparison. It is evident that liver extract supplies most of the 
missing factors, although restricted growth has been obtained 
under certain conditions. These results will be discussed later. 

Typical acrodynia developed in over 90 per cent of all the rats 
placed on either of these rations in 4to 6 weeks. The region about 
the nose became erythematous, denuded, and eroded. The nose 
was usually moist owing to a nasal discharge. The paws became 


Oleson, Bird, Elvehjem, and Hart 27 


red, swollen, and raw. Only a few cases of encrusted ears were 
observed. These results agree with those obtained by practically 
all workers using similar diets for the production of vitamin Be 
deficiency. Although these diets are low in several factors, the 
dermatitis is the first symptom to appear and can therefore be 
used with some reservation for vitamin Beg assays. 

When the rats were allowed to continue on the basal rations, 
some rats died but all those that survived showed additional syviip- 
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Cnarr tl. The growth and symptoms obtained in animals receiving the 
basal rations alone and supplemented with liver extract. D, indicates the 
occurrence of acrodynia; S, speetacled eve; 7’, paralysis; hemorrhagic 


disease, 


toms. An erosion set in about the eyes, imparting to the rats a 
spectacled appearance. The lids became denuded and scaly. 
In many cases the eves were closed by a sticky exudate. A second 
condition was characterized by subcutaneous hemorrhages or pur- 
pura of the paws and bleeding from the nose. The animals did 
not survive long after these symptoms developed. Some of the 
animals showed a definite reduction in the hemoglobin content of 


the blood. 
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A large number of the rats also exhibited a very characteristic 
form of paralysis. The rats walked with a very high spastie 
gait as though there was a hypertonicity of the extensor muscles. 
They seemed to experience extreme difheulty in locomotion with 
some loss of equilibrium, due probably to the awkward position 
which they assumed. 

The spectacled eve condition and paralytic condition are shown 
In Figs. land 2. The sequence of the onset of the last three symp- 
toms varied in different groups of rats, but they all became evi- 
dent within a rather short period of time. A typical example of 


Fic. 1 Fic. Z 


hig. 1. Typieal spectacled eve condition. The rat was given Ration 
J29 until acrodynia developed and then the eluate was added, after which 
the dermatitis was cured and the eve condition appeared (Rat 10244). 

hig. 2. TPypteal hunched position of a rat suffering from the paralysis 
svimptoms. The rat has severe dermatitis as well (Rat 11643). 


the variation in order of development is shown in the rats on Ra- 
tions J29 and J30 (Chart I). It is also interesting to note that 
the rats receiving meotinie acid and choline generally survived 
longer after developing acrodynia and therefore were more likely 
to show the other symptoms. 

The “speetacled eye” condition has been described by several 
investigators as a part of the so called “rat pellagra syndrome.” 
Goldberger and Lilhe (25) and Bourquin and Sherman (26) re- 
ported its occurrence on their rations. Robinson and Newton 
(27) produced this condition quite consistently. Lepkovsky, 
Jukes, and Krause (5) report a spectacled appearance in their 
rats on rations low in the ‘‘filtrate factor,” thus narrowing down 
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the etiology of this condition. The rats of Sjollema (28) and 
Karrer et al. (29) had an erosion about the eyes, which was cured 
with lactalbumin and flavin phosphate respectively. We have 
found this eondition to occur along with or independently of 
acrodynia. ‘This condition appears to be somewhat similar to that 
found in chicks suffering from dermatitis (30-32). 

The hemorrhagic type of deficiency resembles the panmyeloph- 
thisis described by Gyorgy et al. (20). Gy6érgy (33) later reported 
its prevention with nicotinic acid. We have found that nicotinic 
acid did not prevent the condition observed in our rats. The 
deficiency occurs on our basal ration alone or plus various supple- 
ments, although the incidence is much less than that of the other 
deficiencies. We cannot state at this time whether the condition 
is panmyelophthisis or not since the blood picture of the deficient 
animals has not been studied. 

The paralysis observed is quite probably the same as that ob- 
served in vitamin B, deficiency (22). The work reported in this 
paper indicates that each of these deficiencies is due to the lack 
of separate essential factors. 

Lepkovsky et al. (5) succeeded in separating vitamin Bs, from 
the ‘‘filtrate factor’ by adsorbing the former on fullers’ earth. 
We have utilized this procedure in our experiments. Our source 
material was a liver extract preparation from The Wilson Labora- 
tories which was a by-product in the manufacture of the pernicious 
anemia fraction.” When fed to rats at a level of 2 per cent in the 
ration or 250 mg. per day, a fair rate of growth was obtained and 
no deficiency symptoms appeared. The procedure adopted for 
the fractionation of the liver extract was as follows: To 100 gm. 
of liver extract were added 20 cc. of water, 1 liter of acetone, and 
1 cc. of concentrated H2SO,. The mixturé was shaken in a 2 liter 
bottle vigorously for 10 minutes according to the method of 
Frost and Elvehjem (14). The solids were allowed to settle and 
the supernatant liquid was decanted off. This process was re- 
peated six times. The combined extracts were concentrated in 
vacuo and the HeSO, was removed with Ba(OH).s. The solution 
was filtered, diluted to 800 ec. with water, acidified with 20 ec. of 
concentrated H2SO,, and shaken with 50 gm. of English fullers’ 


? The liver extract preparation was supplied to us by Dr. David Klein, 
The Wilson Laboratories, Chicago. 
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earth. The adsorbate was filtered off and washed with water. 
The wash water was added to the filtrate. The process was re- 
peated with three additional batches of fullers’ earth. The com- 
bined filtrate and washings were neutralized with Ba(OH)., fil- 
tered, and concentrated in vacuo. 

The combined adsorbates were washed once with a liter of 
acidified water. The elution was carried out by shaking the ful- 
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Cuart II. The effect of the liver fractions on the growth of animals 
and the symptoms obtained. Procedure I, fullers’ earth eluted with 
Ba(OH).; Procedure II, fullers’ earth eluted with pyridine. Symbols as 
in Chart I. 


lers’ earth twice with 500 ec. of 1 N Ba(OH)s for 4 hour each time. 
The fullers’ earth was filtered off, washed, and discarded. ‘The 
combined eluates were neutralized with H.SO,, filtered, and con- 
centrated in vacuo. These preparations will be referred to as the 
‘filtrate’ and “eluate”’ respectively. 

The results obtained when these concentrates were added to 
Ration J29 are shown in Chart II. When the filtrate alone was 
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fed, the rats developed typical acrodynia in 5 to 6 weeks. Their 
growth was not promoted by this supplement. However, the 
spectacled eye condition did not develop. When the eluate alone 
was fed, the acrodynia was prevented but the erosion about the 
eyes did appear. The feeding of both fractions prevented the 
appearance of any visible symptoms but the combined fractions 
did not promote normal growth in the animals, indicating that 
some factor was destroyed by the procedure or was not eluted 
from the fullers’ earth. In this way the factors preventing 
acrodynia and the eye erosion could be separated into two frac- 
tions. 

Since there were several possibilities for loss of additional growth 
factors in the above separation, a less drastic procedure was used. 
100 gm. of liver extract were diluted to 800 cc. with water and 
placed in a 2 liter flask. 40 gm. of English fullers’ earth were 
added and the contents shaken by a gentle rotatory motion for 
+ hour. ‘The fullers’ earth was filtered, washed, and the wash 
water combined with the filtrate. This process was repeated two 
more times. The filtrate was concentrated in vacuo and made to 
definite volume. The fullers’ earth was eluted with pyridine and 
methyl alcohol in the usual way. 

Typical results obtained with these fractions when added to 
Ration J30 are shown in Chart Il. No better growth was ob- 
tained on the individual fractions, but when they were fed in 
combination a greater initial growth was observed. However, 
the rats again ceased growing after the first few weeks. ‘The symp- 
toms of acrodynia and spectacled eye were prevented completely 
when both the filtrate and eluate were fed but evidently even this 
mild treatment of the liver extract allowed the partial loss of other 
essential factors. 

It is very probable that the growth-promoting property of the 
liver extract which was lost during fractionation is related to Fac- 
tor W. Frost and Elvehjem (14) found considerable loss of this 
factor when certain types of adsorbing agents were used. ‘The 
addition of Factor W concentrates actually produced definite 
improvement in the rate of growth. For a time we hoped to 
introduce purified concentrates of this factor into the basal ration 
in order to intensify some of the other symptoms. Growth re- 
sponses were obtained with both the mercury precipitate and 
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mercury filtrate fractions of Frost and Elvehjem but symptoms of 
acrodynia were also prevented. Halliday and Evans (34) found 
that the alcohol-ether precipitate from whole liver contained large 
amounts of vitamin Beg, and evidently some Bg is carried along in 
the final concentration procedures. The complete lack of growth 
which resulted in these studies with concentrates of vitamin Be 
sufhciently potent to prevent acrodynia gives further evidence 
for the existence of Factor W distinct from vitamin Bs. Pure 
preparations of Factor W will be valuable additions to the basal 
ration. | 

Further evidence for the existence of lesions other than those of 
acrodynia were obtained through the use of crystalline vitamin Beg. 
A generous supply of the crystalline material was kindly furnished 
by Dr. Lepkovsky. In confirmation of Lepkovsky’s report, the 
crystals were found highly active at a level of 10 micrograms per 
day. A comparison of the results obtained with the eluate and 
the crystals on Ration J30 alone is given in Chart III. When 
either supplement was used, the spectacled eye condition appeared 
after the acrodynia was cured. This has been true in almost all 
of our rats. The response obtained by adding the vitamin Be 
crystals to Ration J30 plus filtrate is also shown in Chart III. 
In this case a more definite growth response resulted, but it does 
not compare with that reported by Lepkovsky (1). The growth 
factor is evidently more labile in the liver extract which we used 
than in the rice bran extract or liver preparation used in Lepkov- 
sky’s work. When vitamin Bs crystals were added to Ration J30 
from the beginning, all the additional symptoms except acrodynia 
appeared. Other typical results are shown in Chart III. In a 
total of twenty rats on this regimen, the incidence of the hemor- 
rhagic condition has not been so high as the spectacled eye con- 
dition. However, since the hemorrhagic condition appeared more 
frequently when the crystals were used than when the concentrate 
was fed, it appears that the factor concerned must be adsorbed on 
the fullers’ earth along with vitamin Bs. This result is in agree- 
ment with that reported by Gyérgy. The possibility that the 
hemorrhagic condition is related to vitamin Kk deficiency has not 
been definitely eliminated. 

It is evident from the above work that the filtrate fraction 
definitely carries the factor necessary for the prevention of the 


Oleson, Bird, Elvehjem, and Hart 33 


spectacled eye condition and may or may not carry appreciable 
amounts of other growth factors. Since Koehn and Elvehjem 
showed the fraction of the crude alcohol-ether precipitate (Factor 
W) to be completely inactive in the prevention of chick dermatitis, 
it appears that the spectacled eye factor is most likely to be the 
factor in the filtrate which might be related to the chick anti- 
dermatitis factor. 
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CuHart III. The occurrence of deficiency symptoms in rats receiving 
various supplements. Symbols asin Chart [. 


Crude concentrates prepared from liver extract and shown to 
be highly active in the prevention of chick dermatitis (Woolley, 
Waisman, Mickelsen, and Elvehjem (35)) brought about rapid 
cure of the spectacled eye condition but very little improvement 
in growth. More highly purified fractions did not give as con- 
sistent results. Definite conclusions regarding the identity of 
the factor necessary for the prevention of the spectacled eye con- 
dition in rats and the chick antidermatitis factor must be with- 
held until more highly purified fractions are used. 
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In order to remove the suspicion that the eye condition might be 
related to a faulty vitamin A ingestion, the livers from some of the 
rats showing typical symptoms were removed and analyzed for 
vitamin A by the SbCl; method as outlined by Carr and Price 
(36). The following results were obtained: for Rats 10714, 
11811, 11814, and 11834, 275, 148, 150, and 98 total blue units 
respectively. 

The inclusion of our filtrate or crystalline vitamin Bg in the 
rations will not prevent the paralysis. The factor preventing the 
paralysis is present in our eluate. One rat was cured rapidly | 
when fed 0.6 gm. per day of dehydrated barley-grass. McHenry 
(37) reported that rats deficient in choline exhibited a paralysis 
similar in appearance to that attributed to a deficiency of vitamin 
B,. However, we have seen many cases of the paralysis in rats 
receiving 1 mg. of choline per day. Work from this laboratory 
indicates that choline is inactive in preventing vitamin B, de- 
ficiency in chicks.? 

Sjollema (28) reported that leucine, isoleucine, and lactalbumin 
would cure rat acrodynia. We tested these qubstances on rats 
receiving Ration J29 or Ration J29 plus the filtrate fraction and 
observed the effects on all the symptoms described above. The 
amino acids were fed at levels of 50 and 100 mg. per day to each 
rat and the lactalbumin was fed at 4 and 8 per cent of the ration. 
Harris’ vitamin-free lactalbumin and synthetic amino acids were 
used in these experiments. The results obtained with some of the 
rats are shown in Table II. In most cases the above supplements 
were entirely inactive in the prevention or cure of acrodynia, but 
in a few cases a slight to definite activity was noted, but in all of 
these cases the effect was only temporary. ‘The results were com- 
plicated by the appearance of other deficiency symptoms which 
may have some effect on the results obtained. Lunde and Kring- 
stad (38) have been unable to confirm Sjollema’s results. 

The poor growth obtained with the fractions from the liver ex- 
tract needs further consideration in light of the results obtained 
by other workers. Edgar and Macrae (39) report the same rate 
of growth when they used a yeast extract autoclaved at pH 5.0 
as when they used the unautoclaved material. We have repeated 


* Bird, Oleson, Elvehjem, and Hart, unpublished data. 
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| this treatment with liver extract and obtained quite different 


results. Growth records of rats fed Ration J29 plus 2 per cent 
untreated liver extract and the same material autoclaved for 5 
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TABLE II 
Effect of Leucine, Isoleucine, and Lactalbumin Additions on Acrodynia and 


Other Deficiency Symptoms; Basal Ration J29 Used Throughout 


day 
12°% casein 


8°% lactalbumin 
per day 

4% lactalbumin 

25 mg. leucine + 
per day 


day 
4% lactalbumin 


Supplement Acrodynia Other symptoms 
Additions made from beginning 
125 mg. leucine per | Not prevented | Paralysis 
hemor- 
rhagic condition 
ne Paralysis 
125 mg. isoleucine | Slight 
Not prevented Paralysis 
No dermatitis Hemorrhagic con- 
25 mg. isoleucine dition 
50 mg. leucine per | Not prevented 
Paralysis 


Additions made after dermatitis developed 


> | 


50 mg. leucine per 


day 
1% isoleucine 
0.5% 


4% lactalbumin 


50 mg. isoleucine 
per day, increased 
to 100 mg. 

50 mg. leucine per 
day, increased to 
100 mg. 


Slight improvement 


Marked 
No improvement 


Some improvement Hemorrhagic 


Slight 


symptoms; 
nearly cured but 
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hours at 120° and 15 pounds pressure are shown in Chart IV. 
It is evident that a very large percentage of the growth-promoting 


property of the liver extract is destroyed by autoclaving. The 
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irradiation of the liver extract with a quartz mercury vapor lamp 
also diminished the activity of the liver extract to some extent. 
However, in each case the rats showed no symptoms except the 
retarded growth. 

It is quite likely that the stability of certain factors varies in 
different products, but we must not overlook the fact that the 
rations used in the different laboratories have varied considerably 
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CrHart IV. The growth-promoting power of liver extract when auto- 
claved and irradiated. 


in composition. Lepkovsky (1) used 10 parts of lard and Edgar 
and Macrae (39) used 12 parts of cottonseed oil and 3 parts of 
lard. It is known that the kind and amount of fat in the ration 
has a definite effect on the incidence and cure of vitamin Beg de- 
ficiency in rats (40-43). Birch (44) has recently discussed the 
relation of fat and vitamin Beg. 

We too have found that the addition of 0.25 ec. of corn oil or lard 
to Ration J30 per rat per day causes definite improvement in the 
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acrodynia, but little if any growth results. The incidence of 
spectacled eye, paralysis, and hemorrhagic condition was also 
greatly reduced in the rats getting the fat addition. In addition 
to this effect, certain fats seem to give improved growth even in 
addition to liver extract. Results in Chart I show that 0.25 gm. 
of liver extract per rat per day in addition to Ration J23 and J24 
produced a growth of about 3 gm. per day. Similar results have 
been obtained when Rations J29 and J30 were used for rats from 
certain litters. Other rats, however, have grown poorly on these 
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Cart V. The effect of adding fat and dextrin to the basal diets sup- 
plemented with liver extract. A indicates no supplement; B, 0.12 gm. of 
linoleic acid per day; C, 0.25 gm. of corn oil per day; D, 0.25 gm. of trilaurin 
per day; F, sucrose replaced by extracted dextrin. 


rations plus liver extract at 0.25 gm. per day or even 0.5 gm. per 
day. 

Some of the typical results obtained when fats were added in 
addition to liver extract are shown in Chart V. Rats from two 
litters are shown to illustrate the difference in response to liver 
extract alone. The addition of 0.25 ce. of corn oil per rat per day 
has always given a definite improvement in growth regardless of 
the response on the control ration. Since almost 50 per cent of the 
fatty acids in corn oil may be linoleic acid, it was fed to some of the 
rats at a level of 0.12 ec. per day. ‘The linoleic acid also produced 
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an increased rate of growth, but the response to it has never been 
as complete or as uniform as with corn oil. In contrast to the 
effect of corn oil and linoleic acid, trilaurin has given completely 
negative results. The effects which have been observed may be 
related directly to a deficiency of unsaturated fatty acids, since 
both our ration and liver extract are undoubtedly deficient in un- 
saturated fatty acids. However, we have dealt only with growth 
effects and have not seen any of the typical symptoms generally 
encountered in unsaturated fatty acid deficiency. 

Another interesting observation in this connection is that rats 
which show retarded growth on Ration J29 plus liver extract 
resume normal growth when the sucrose in the ration is replaced 
by an equal amount of dextrin. Rats placed on the dextrin diet 
from the start have always grown better than those placed on the 
sucrose diet. At first we felt that the dextrin might be supplying 
some fat-soluble material but when the dextrin was extracted with 
boiling alcohol for 2 hours and boiling ether for 2 hours the growth 
stimulation was not lost; in fact the rats receiving the extracted 
dextrin grew better than those getting the crude material. Again 
we are at a loss to explain the stimulating effect. It is, however, 
entirely possible that the presence of dextrin may influence the 
intestinal flora and allow synthesis of the lacking essential factors. 
Taylor and Lehrman (45) found starch to contain appreciable 
amounts of unsaturated fatty acids. 


DISCUSSION 


The use of chicks and dogs in addition to rats as experimental 
animals in studies on the fractionation of the members of the vita- 
min B complex has aided progress in this field to a considerable 
extent. It is logical to expect that different symptoms will be 
observed as the first deficiency when different animals are used and 
when slightly modified basal rations are fed. Thus we find that 
on rations relatively low in the vitamin B complex plus thiamine 
and riboflavin the first noticeable symptom in rats is acrodynia, 
in dogs black tongue, and in chicks chick dermatitis. Each de- 
ficiency is due to a separate and distinct factor. ‘Temporary 
difficulties have arisen from conclusions that crude concentrates 
active in the treatment of deficiencies in two different species con- 
tain but one factor. There has been considerable hesitancy in 
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accepting new and distinct factors, but we now have many ex- 
amples where one concentrate carried several different factors. 
One of the best examples was the close correlation between the 
chick antidermatitis activity and anti-black tongue activity of 
concentrates from liver extract until the final isolation of nicotin- 
amide. Differentiation of specific factors in various vitamin B 
concentrates has been discussed very recently by Dann and Sub- 
barow (9) and Fouts, Helmer, Lepkovsky, and Jukes (46). The 
work reported in this paper is merely an extension of such results. 

Evidence is presented to show the “eluates,” “filtrates,’’ and 
“precipitates”? prepared by different workers may be complex 
mixtures of active substances. The eluate fraction as prepared 
in this study contains not only vitamin Bs but the factors neces- 
sary for the prevention of paralysis and the hemorrhagic condition. 
The use of pure vitamin Bg allows the development of the addi- 
tionalsymptoms. It carries very little if any of the growth factor, 
which we have designated Factor W. 

The filtrate fraction carries the factor necessary for the pre- 
vention of the spectacled eye condition but a reduced amount 
of Factor W and possibly other growth factors. The filtrate frac- 
tions prepared by Lepkovsky and Jukes (32) and Edgar and 
Macrae (18) seem to carry the growth-promoting factors. It is 
obvious that the term filtrate factor cannot be used unless it is 
used for only one of these factors. 

The filtrate fraction also may carry the chick antidermatitis 
factor and nicotinic acid. That is why it is impossible at the 
present time to decide whether the chick antidermatitis factor and 
rat spectacled eye factor are separate factors and whether nico- 
tinic acid is essential for the rat. If the essential nature of nico- 
tinic acid is to be tested, all the other factors must be supplied and 
it is not possible yet to prepare all the factors free of nicotinic 
acid. 

Similarly the aleohol-ether precipitate of Elvehjem, Koehn, and 
Oleson (16) and even more purified preparations of Factor W 
carry vitamin Bs and probably other factors. In the work on 
Factor W the relation of vitamin Bg is eliminated because the 
basal ration carries adequate amounts of this vitamin. The 
differentiation of factors related to specific pathological syndromes 
is more readily attained than separation of those related only to 


= 
j 

: 


# 
a 
§ 
Ps 
% 
¥ 
4 
4 
; 
3 
& 
> 
# 


40) Nutritional Factors Required by Rat 


growth. Therefore the growth-promoting property of liver ex- 
tract may again be multiple in nature. Further work on Factor W 
in this laboratory indicates that this may be the case. 

The work is further complicated by the importance of fat and 
dextrin for optimum growth when liver extract is used as the 
source of the water-soluble vitamins. Whether the growth effect 
is due to a separate entity or whether the effect is related to un- 
saturated fatty acids and vitamin Bs cannot be decided until more 
work is done. Each of the factors included in this paper needs a 
great deal more study but we have intentionally discussed all the 
factors in one paper in order to point out possible relationship. 


SUMMARY 


1. Four different deficiency symptoms have been produced in 
rats on synthetic diets low in the vitamin B complex but adequate 
in thiamine, riboflavin, choline, and nicotinic acid. They are 
acrodynia, paralysis, hemorrhagic disease, and spectacled eyes. 

2. Crystalline vitamin Bs was very active in preventing acro- 
dynia, but inactive in preventing paralysis, hemorrhagic disease, 
or speztacled eye condition. 

3. The relation of these deficiencies to known members of the 


vitamin B complex is discussed. 
4. Further evidence of the need of Factor W for growth was 


produced. 
5. The importance of the dietary fat and carbohydrate in rela- 
tion to growth was demonstrated. 
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THE SYNTHESIS OF THE NEXT HIGHER AND LOWER 
HOMOLOGUES OF /-CARNOSINE: 7-AMINOBUTYRYL- 
l-HISTIDINE AND GLYCYL-/-HISTIDINE 


By MADISON HUNT anp VINCENT pv VIGNEAUD 


(From the Department of Biochemistry, School of Medicine, 
George Washington University, Washington) 


(Received for publication, October 18, 1938) 


The demonstration that a-l(+)-alanyl-l(—)-histidine and a- 
d(—)-alanyl-l(— )-histidine did not exert an effect on the blood 
pressure in contrast to carnosine, §-alanyl-l(—)-histidine, em- 
phasized the importance of the presence of the amino group in the 
8 position of the 6-alanyl moiety of carnosine (1). However, the 
question arose as to whether the pharmacodynamic action was 
dependent upon the presence of the S-amino group per se or 
whether it was really due to the fact that the 6-alanine had an 
amino group in the terminal position. We wondered whether 
other peptides of histidine with the terminal amino groups in the 
acyl portion might likewise possess depressor activity. To throw 
some light on this question we decided to synthesize the next 
higher and lower homologues of /-carnosine, namely y-amino- 
butyryl-l-histidine and glycyl-l-histidine, respectively, and com- 
pare their effect on the blood pressure with [-carnosine. The 
relation of these peptides to /-carnosine is shown in the accom- 
panying structures. 

A synthesis of glycyl-l-histidine has already been reported by 
Abderhalden and Geidel (2). Their peptide, prepared through 
amination of the chloroacetyl derivative of histidine, was an 
amorphous preparation and no crystalline derivatives were re- 
ported. 

The synthesis of the crystalline glycyl-l-histidine hydrochloride 
reported in the present paper was accomplished by condensation 
of carbobenzoxyglycyl chloride with histidine methyl ester by 
the general procedure of Bergmann and Zervas (3). 
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y-Aminobutyryl-/-histidine was synthesized in like manner. 
It was isolated as the crystalline sulfate. 


H O COOH H O COOH 
H—C—C—NH—CH H—C—CH,—C—NH—CH 
NH, CH, i NH, CH, H 
C—N C—N 
CH CH 
C—N C—N 
H H 
Glycyl-l-histidine 


H O COOH 
| | 
H—C—CH,—CH:—_C—NH—CH 


NH, CH, H 


—N 
CH 
H 


The carbobenzoxy-y-aminobutyric acid employed in this syn- 
thesis was prepared from 6-bromopropionic acid which was con- 
verted to the nitrile and then reduced to give y-aminobutyric 
acid. The highly insoluble carbobenzoxy derivative was em- 
ployed to isolate the amino acid from the reaction mixture. 

Both peptides, in 20 times the dose of /-carnosine, were found 
to possess no effect on the blood pressure of cats under amytal 
anesthesia. The results biing out clearly the importance of the 
amino group in the 8 position of the acyl moiety of carnosine. 
Apparently the presence of the amino group in the terminal posi- 
tion is not the crucial factor. These results along with those pre- 
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viously reported for the a-alanyl peptides of (-histidine (1) and for 
d-carnosine (4) demonstrate an amazing specificity of the struc- 
ture of /-carnosine in relation to its depressor action. 


EXPERIMENTAL 


Preparation of Carbobenzoryglycyl-l-Histidine—16 gm. of his- 
tidine methyl ester dihydrochloride were converted to the free 
methyl ester by the method of Fischer and Cone (5). The oily 
methyl ester was dissolved in 150 ec. of absolute chloroform and 
was kept at 0° during the preparation of the carbobenzoxyglycy! 
chloride. 

7 gm. of the carbobenzoxyglycyl chloride prepared according 
to Bergmann and Zervas (3) were dissolved in 50 cee. of ice-cold 
absolute chloroform. The solution was added to the histidine 
methyl ester solution. An immediate reaction took place with 
the separation of oily histidine methyl ester monohydrochloride 
which soon crystallized and could be filtered. 6.6 gm. of histidine 
methyl ester monohydrochloride were obtained, which represents 
about half of the histidine methyl ester used. The filtrate from 
the histidine methyl ester monohydrochloride was concentrated 
in vacuo to remove the chloroform. The residue was dissolved in 
150 ec. of dioxane and was reconcentrated in vacuo until about 50 
ce. of distillate had collected. 50 ec. of HeO and 9 ec. of 4N NaOH 
were added to the residual solution. After the solution had been 
allowed to stand for } hour at room temperature, 9 cc. of 4 N 
H.SO, were added. ‘This solution was concentrated to dryness 
in vacuo, and the residue was extracted with 300 ec. of boiling 
absolute alcohol in three portions. The combined alcoholic ex- 
tracts were concentrated tn vacuo to 100 ec. and the resulting solu- 
tion was cooled 24 hours. The erystalline carbobenzoxyglycy!- 
l-histidine obtained was filtered and was washed with several 
small portions of cold absolute alcohol. The yield was 8 gm., 
which represents 70 per cent of the theoretical yield, allowance 
being made for the histidine recovered. The compound melted 
at 175° (corrected) and possessed a specific rotation of [a]? = +22° 
for a 1.5 per cent aqueous solution. For analysis the compound 
was recrystallized once from absolute alcohol and dried in vacuo 
at 70°. 


CisHisN«Os. Calculated, N 16.18; found, N 15.96 
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Preparation of Glycyl-l-Histidine Hydrochloride—6 gm. of 
carbobenzoxyglycyl-l-histidine were dissolved in 20 ec. of water 
and 2 equivalents of HCl were added. ‘The reduction of carbo- 
benzoxyglycyl-l-histidine hydrochloride by hydrogen in the pres- 
ence of palladium black was carried out by bubbling hydrogen 
through the solution until no more CO, was evolved. The catalyst 
was removed by filtration and the solution was concentrated to 
dryness in vacuo. The residue was dissolved in the minimum 
amount of water and 5 cc. of aniline were added. Upon the addi- 
tion of 5 volumes of absolute alcohol, crystallization of the mono- 
hydrochloride of glycyl-l-histidine took place. The yield was 3.9 
gm., which represents 85 per cent of the theoretical yield. ‘The 
compound melted at 175° (corrected) and had a specific rotation of 
[a]? = +25° for a 1 per cent aqueous solution. The material 
dried in air contained 1 molecule of water of crystallization. 


Calculated. N 21.01, Cl 13.30 
Found. 21.20, 13.38 


Preparation of Carbobenzoxry-y-Aminobutyric Acid -25 gm. of 
8-bromopropionic acid were dissolved in 100 ec. of water to which 
had been added 1 equivalent of NaOH. 8.5 gm. of NaCN were 
then added to the solution. The mixture was heated at 40-50° 
for 1 hour and then reduced with hydrogen in the presence of 
Raney’s nickel catalyst. After the catalyst had been removed by 
filtration, the solution was placed in a 500 ec. flask which was 
equipped with a stirrer and surrounded by an ice bath. 40 gm. 
of carbobenzoxy chloride were added in four portions at 5 minute 
intervals. During the addition of the carbobenzoxy chloride the 
reaction mixture was vigorously stirred and 6 N NaOH was added 
from time to time to keep the solution alkaline <o phenolphthalein. 
The stirring was continued for 30 minutes after the addition of 
carbobenzoxy chloride was complete. The solution was then 
extracted with ether to remove certain impurities and the aqueous 
layer was acidified with HCl. Upon acidification, a heavy oil 
separated which was removed from the aqueous portion by extrac- 
tion with ether. The ether solution was reextracted with NasCO, 
solution and the aqueous layer again acidified. The oil which 
separated was extracted successively with two 50 cc. portions of 
chloroform. The chloroform solution was dried over NaSQ,. 
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Addition of 2 volumes of petroleum ether to the anhydrous chloro- 
form solution caused the separation of an oil which soon crystal- 
lized. ‘The yield was 20 gm., which is 50 per cent of the theoretical 
amount. The crude compound melted at 64° (corrected). For 
analysis it was recrystallized from chloroform by the addition of 
petroleum ether. The purified product melted at 66° (corrected). 


CyzHisNO,y. Calculated, N 5.90; found, N 5.92 


Preparation of y-Aminobutyryl-l-Histidine Sulfate—-16 gm. of 
histidine methyl ester dihydrochloride were converted to the 
free ester by the method of Fischer and Cone (5). The free ester 
was dissolved in 150 ce. of absolute chloroform and kept at 0°. 

A mixture of 12 gm. of carbobenzoxy-y-aminobutyric acid, 40 
ec. of dry ether, and 12 gm. of PCl; was shaken for 15 minutes at 
0°. The mixture was filtered and the filtrate was concentrated 
in vacuo until about two-thirds of the ether had been removed. 
100 cc. of petroleum ether, which had previously been cooled to 
— 20°, were added to the concentrated solution. The oily layer 
of acid chloride which separated was washed twice with 100 ce. 
portions of cold petroleum ether. The acid chloride was then 
immediately dissolved in 25 ce. of cold chloroform and added to 
the previously prepared histidine methyl ester solution. The 
mixture was shaken for several minutes and was then extracted 
with water. The chloroform layer was concentrated to a thick 
oil in vacuo. After the residue was dissolved in 50 ec. of dioxane 
and the last traces of chloroform had been removed in vacuo, 24 cc. 
of 4 N NaOH and 50 cc. of water were added. This mixture was 
shaken for 5 minutes and was then neutralized with 24 ec. of 4.N 
H.SO,. The solution was concentrated to dryness in vacuo and 
the residue was thoroughiy extracted with hot absolute alcohol. 
The residue was dissolved in 30 ec. of water and 15 ec. of 4N HeSO,. 
The solution was reduced in the manner described for the reduc- 
tion of carbobenzoxyglycyl-l-histidine. The catalyst was _ re- 
moved by filtration and the filtrate was neutralized with Ba(OH)s. 
After the BaSO, was filtered, the resulting solution was evaporated 
to dryness and the residue was dissolved in the minimum amount 
of water. Enough HsSO, was added to make the solution just 
acid to Congo red. The addition of 4 volumes of alcohol brought 
about the crystallization of the sulfate of y-aminobutyryl-l-his- 
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tidine. The compound was recrystallized twice from water by 
the addition of aleohol. 3.7 gm. of recrystallized compound which 
melted at 235° (corrected) were obtained. This represents 32 per 
cent of the theoretical yield based on half of the histidine methyl 
ester used. The other half of the histidine methyl ester used was 
recovered as the monohydrochloride. The peptide sulfate had a 
rotation of [a]-° = +5° for a 1 per cent aqueous solution. For 
analysis the compound was dried in vacuo at 75°. 


HeSO,. Calculated. N 16.56, SO, 28.39 
Found. 


SUMMARY 


alycyl-l-histidine and y-aminobutyryl-l-histidine were syn- 
thesized by condensation of the acid chlorides of the carbobenzoxy 
derivatives of glycine and y-aminobutyric acid respectively with 
histidine methyl ester. After saponification and reduction of the 
condensation product, the crystalline hydrochloride of the glycyl- 
l-histidine and the crystalline sulfate of y-aminobutyryl]-/-histi- 
dine were isolated. 

Neither peptide in 20 times the dose of l-carnosine was capable 
of lowering the blood pressure of cats under amytal anesthesia. 
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PARTIALLY O-METHYLATED HEXITOLS 
I. 1,2,3,5,6-O-PENTAMETHYL-d-SORBITOL 


By P. A. LEVENE ann MARTIN KUNA 


(From the Laboratories of The Rockefeller Institute for Medical Research, 
New York) 


(Received for publication, October 6, 1938) 


Two methods are available for the study of the position of the 
union between the two components of an aldobiose (or of aldo- 
biome acids). First, the oxidation of the aldehydic group with 
subsequent methylation and hydrolysis and second, the redue- 
tion of the aldehydic group with subsequent methylation and 
hydrolysis. 

To date, the first method alone has found application. It is 
felt, however, that in many Instances, if not in all, the reduction 
method might offer many advantages. This would be particularly 
the case if the partially methylated hexitols were available as 
reference substances. With this aim in view the synthesis of 
partially substituted hexitols is now initiated. 

The most frequent place of union is carbon atom 4 of the com- 
ponent having the aldehydic group unsubstituted and by virtue 
of this the synthesis of 1,2 ,3,5,6-O-pentamethyl sorbitol seemed 
most desirable and incidentally is the easiest to accomplish. 

The structure of cellobiose being definitely established as 4-d- 
glucosido-d-glucose, it served as the starting material for the 
preparation of 8-4-d-glucosido-d-sorbitol. The non-crystalline de- 
rivative of it has been prepared by Karrer and Biichi.!. The erys- 
talline substance and its O-nonamethyl derivative have been pre- 
pared by Levene and Kuna.?. The latter substance on hydrolysis 
yields 1,2,3,5,6-O-pentamethyl sorbitol and 2,3,4,6-O-tetra- 
methyl-d-glucose. 

The separation of these substances by fractional extraction or 


! Karrer, P., and Biichi, J., Helv. chim. acta, 20, 86 (1937). 
2? Levene, P. A., and Kuna, M., Science, 85, 550 (1937). 
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by distillation was found impossible. However, when the product 
of hydrolysis is oxidized by the Willstatter and Schudel method, 
and the concentrated product of the oxidation is rendered alkaline, 
then the sorbitol derivative is readily extracted with chloroform. 

The 1 ,2,3,5,6-O-pentamethyl-d-sorbitol is obtained as a viscous 
syrup which distils at 128-133°, p = 3.0 mm., n> = 1.4439, and 
[a] = —10.1° (in absolute ethanol). 


EXPERIMENTAL 


Reduction of Cellobiose to B-4-Glucosidosorbitol? gm. of 
cellobiose were dissolved in 200 ec. of water and about 5 gm. of 
Raney’s catalyst were added. This was placed in an all-glass _ 
cylinder. with a small hole bored in the middle and then put into a 
high pressure hydrogenation apparatus made by the American 
Instrument Company, Inc. ‘This was rocked at a speed of 29 
times per minute for 16 hours at a temperature of 125° and hydro- 
gen pressure of 3500 pounds per sq. inch (230 atmospheres). The 
catalyst was filtered and the filtrate was concentrated to a syrup 
under reduced pressure. ‘The material was dissolved in methanol 
and then ethanol was added to opalescence. A few ce. of water 
were then added* and, on cooling, crystals separated. These 
were filtered and dried overnight in a desiccator. Yield 18 gm. 
M.p. 133°. 


—0.99° & 100 


= 


5.021 mg. substance: 7.699 mg. CO, and 3.240 mg. H.O 
C,2H2,O;;. Caleulated. C 41.83, H 7.03 
344.2 Found. 


Nonamethyl 8-4-Glucosidosorbitol--25 gm. of 8-4-glucosido- 
sorbitol were methylated according to West and Holden‘ with 
some modifications. Ground glass joints were used throughout, 
and a 1 liter 3-neck flask was used for the reaction. The stirrer 
was made of stainless steel and was supported by four ball bear- 
ings. The blades of the stirrer were 30 mm. long and 15 mm. wide, 
with a round notch cut in the top of one blade and the bottom of 
the other. The stirrer was driven by a 100 watt Hamilton Beach 
motor with a top speed rating of 12,000 r.p.m. without a load. 


’ Levene, P. A., and Tipson, R.38., J. Biol. Chem., 125, 355 (1938). 
‘West, E.S., and Holden, R. F., J. Am. Chem. Soc., 66, 930 (1934). 
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The reaction was carried on with all of the resistance cut out. 
A drawing ef the apparatus is given in Fig. 1. The stop-cocks 
of the dropping funnels were attached to a lock screw device by 
which the rate of flow was kept constant, in spite of the vibration. 

The chloroform extract was evaporated to a syrup and dried 
in a high vacuum. The material in this state was almost com- 
pletely methylated and a slightly yellow nonamethyl derivative 
could be obtained by distillation but it was found advantageous 


Fic. 1. High speed stirring apparatus for methylation 


to remethylate the syrup by the Purdie method. The syrup was 
dissolved in methyl iodide and 25 gm. of silver oxide were added 
during 5 hours at 35-40° with stirring. The reaction was al- 
lowed to continue for an additional 4 hours. The silver residue 
was filtered and washed; and the filtrate was evaporated and 
distilled. B.p. 167-173°, p = 0.3mm. _ Yield, 26 gm. of a color- 
less syrup. n? = 1.4542. 


—0.45° & 100 
= == —489° (in absolute ethanol) 
1 X 9.2 
3.497 mg. substance: 39.41 cc. 0.01 N NasS.O; (methoxy) 
4.825 ‘ : 9.475 mg. CO, and 3.905 mg. 


CyHeO;;. Calculated. C 53.37, H 9.00, OCH; 59.32 


| | 
i} 
\ 
\ 
ae 


52 Pentamethyl! Sorbitol 


Hydrolysis and Oxidation of Nonamethyl B-4-Glucosidosorbitol 
7 gm. of nonamethyl glucosidosorbitol were dissolved in 90 ec .of 
5 per cent hydrochloric acid. The slightly turbid solution was 
filtered through a thin layer of charcoal and sealed into a bomb 
tube. This was heated at 100° for 3 hours. The solution ways 
then neutralized with 50 per cent sodium hydroxide. The total 
volume was 105 ce. 0.5 ce. of this solution was titrated according 
to Willstatter and was found to equal 11.6 ee. of 0.0135 N sodium 
thiosulfate. Calculated tetramethyl glucose, 3.3 gm. Found, 
3.8 gm. 

230 ec. of 0.3 N iodine in potassium iodide were added to the 
solution which was cooled in an ice water bath. Then 5.5 gm. of 
sodium hydroxide in 100 ce. of water were added during 3 minutes 
with stirring. The solution was allowed to stand at 25° for 15 
minutes. It was then acidified with sulfuric acid and sulfur diox- 
ide was passed in until the color of 1odine disappeared. The solu- 
tion was then concentrated to a small volume, made alkaline with 
sodium hydroxide, and extracted with chloroform. The extract 
was washed with concentrated sodium bisulfite solution and dried. 
The 1,2,3,5,6-O-pentamethy] sorbitol distilled at 128-133°, p = 
3.0mm. Yield 3.3 gm. of a colorless liquid. n? = 1.4439. 


—0.48° & 100 
[a]; = “vi = —10.1° (in absolute ethanol) 


3.341 mg. substance: 39.70 ec. 0.01 N Na.S.O; (methoxy) 


5.300 ** : 10.110 mg. CO, and 4.515 mg. H,O 
C,,H»O¢. Caleulated. C 52.33, H 9.59, OCH; 61.44 
Another sample had n3 = 1.4438, and 
—1.05° & 100 
[a], = = —9 46° (in absolute ethanol) 


1x 11.1 


3.201 mg. substance: 37.82 ec. 0.01 N Na.S.O; (methoxy) 
11.510 mg. COs and 5.120 mg. 
Found, C 52.16, H 9.52, OCH; 61.09 
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The aqueous, alkaline mother liquor was acidified and extracted 
with chloroform. The substance distilled at 103-105°, p = 0.1 mm. 
Yield 2.2 gm. n> = 1.4541. 


+12.74° 100 
= — 6.03 = +106° (in absolute ethanol) 
6.399 mg. substance: 12.085 mg. CO, and 4.300 mg. HO 


Calculated. C 51.29, H 7.75 
234.1 Found. 751 


For 2,3,4,6-tetramethyl 46-d-gluconolactone, the constants 
are b.p. 101°, p = 0.06 mm., nif = 1.4566, and [a], = +101.1° (in 
alcohol, = 3.65).® 


5 Haworth, W. N., Hirst, E. L., and Miller, E. J., J. Chem. Soc., 2436 
(1927). 
6 Charlton, W., Haworth, W. N., and Peat, S., J. Chem. Soc., 89 (1926). 
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REACTIONS OF DYES WITH CELL SUBSTANCES 


IV. QUANTITATIVE COMPARISON OF TISSUE NUCLEI AND 
EXTRACTED NUCLEOPROTEINS 


By EDWARD G. KELLEY 


(From The Biochemical Research Foundation of the Franklin 
Institute, Philadelphia) 


(Received for publication, July 2, 1938) 


One of the most interesting questions confronting the biochem- 
ist working with nuclear substances is, what similarities does an 
extracted nucleoprotein show to the substance existing in the 
fixed cell nucleus in the form known as chromatin? ‘Two prin- 
cipal points have been investigated in an attempt to answer this 
question. First, does an extracted nucleoprotein have the same 
nucleic acid to protein ratio as the substance in the fixed cell 
nucleus? Second, what is the relation of the so called isoelectric 
point of the nucleus, as shown by dyes, to the cataphoretic iso- 
electric point of the extracted substance? 

Hammarsten and Hammarsten (1) and Steudel and Takahata 
(2) have shown that nucleic acid and protein combine in many 
different ratios when mixed in solution at different pH values. 
Huiskamp, Bang, and others (see Kossel (3)) have found nucleo- 
proteins of variable compositions when extracting calf thymus 
glands. In view of these results and others it has been said that 
no preformed combination of nucleic acid and protein exists in the 
cell nucleus, the particular nucleoprotein obtained by extraction 
being the result of the method of extraction and bearing no 
particular relationship to the nucleoprotein of the chromatin. 
Nevertheless, it was considered worth while to see whether it was 
possible to extract nucleoproteins of constant composition from 
different batches of the same type of tissue, the method of extrac- 
tion being kept as constant as possible. 

Methods of comparing extracted substances with the substances 
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in the fixed cell nucleus are decidedly limited. Measurements of 
optical density on cell nuclei, nucleic acid, and nucleoproteins 
have been employed by Caspersson, Hammarsten, and Hammar- 
sten (4) and Caspersson (5), with the ultraviolet microscope as a 
tool, and this method is yielding much valuable information. 

Combinations of cell nuclei and nucleoproteins with dyes ap- 
peared as another possibility of showing similarity or dissimilar- 
ity between extracted substance and tissue nucleus. Numerous 
investigators (6) have dyed tissues with acid and basic dyes to 
determine the so called isoelectric point of the nucleus and of the 
cytoplasm. It was believed that some correlation might exist 
between the isoelectric point found in this manner and the iso- 
electric point found for the extracted nucleoproteins. 

Special methods were developed by which it was possible to 
note very fine differences in the point of attachment of acid and 
basic dyes for different tissue elements. These methods soon 
showed a complete lack of correlation between what was consid- 
ered as the tissue isoelectric point and the isoelectric point of the 
extracted nucleoprotein. Investigations on the dyeing of the 
extracted nucleoproteins also showed a complete lack of cogrela- 
tion with what would have been expected according to the usual 
protein-dye reactions. 

A method of quantitatively determining the amount of basic 
dye bound by extracted nucleoprotein and tissue nuclear material 
was devised, based on the work of Bungenberg de Jong and Lens 
(7). The quantitative relationships found by this method for the 
extracted nucleoproteins and the tissue nuclei in conjunction with 
the analytical data obtained on the extracted substances lead to 
the belief that the extracted nucleoproteins are very similar in 
their nucleic acid to protein ratio to the substances existing in the 
fixed cell nucleus in the tissues studied. It is further contended 
that the attachment of a basic dye to a nucleoprotein is independ- 
ent of the cataphoretic isoelectric point of the substance, and prin- 
cipally conditioned by the amount of nucleic acid in the nucleo- 
protein. The methods and discussion of these investigations are 
given in this paper. The use of the tissue dyeing technique based 
on these investigations for a number of tissues is given in Paper 
\V of this series. 
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Methods and Results 


‘The method used to determine the similarity of extracted nucleo- 
protein and fixed nuclear substances was to compare three types 
of tissue having nucleoproteins of different nucleic acid content. 

The tissues used were Philadelphia No. 1 rat sarcoma, Walker 
No. 256 rat carcinoma, and rat thymus gland. ‘There were several! 
reasons for using transplantable rat tumor. ‘The tumors were 
constant In appearance and were very nearly one pure type of 
tissue When obtained 12 to 14 days after inoculation. The amount 
of material available was quite large, since the tumors grew to a 
reasonably large size before necrosis occurred. ‘Thymus tissue 
was used because it also appeared as a relatively unmixed tissue 
consisting largely of thymocytes of constant appearance when the 
glands were obtained from young animals at about 3 months of age. 

To determine whether it was possible to obtain nucleoproteins 
of constant composition from these tissues, four extracts of large 
batches of each type of tissue were made over a period of 2 months. 

The method of extraction was approximately the same in all 
cases. ‘The freshly removed tissue was freed of adhering fat or 
other tissue and quickly minced in a Latapie or an embryo extract 
mineer, depending upon the amount of tissue available from a 
particular group of rats. This finely minced material was sus- 
pended in 25 times its weight of distilled water in a closed bottle, 
layered with toluene, and placed in the ice box at 4°. It was 
allowed to extract with occasional shaking for from 48 to 72 hours. 
The undissolved tissue was separated from the opalescent milky 
liquid with cheese-cloth, centrifugation, and filtration through two 
layers of Whatman No. 5 filter paper on a suction funnel. The 
filtered liquid was treated with acetic acid to give complete pre- 
cipitation. This precipitation was found to be complete at pH 
values between 4.0 and 4.5. The precipitate was either obtained 
at once, by centrifugation, or allowed to settle overnight at 4°. 
It was then washed twice with distilled water, resuspended in a 
volume of water equal to the original amount, and treated with 
dilute sodium hydroxide to give a pH value between 9 and 10. 
Solution was complete in all cases but the clear solution was again 
filtered through two layers of Whatman No. 5 paper. The clear 
filtrate was again treated with acetic acid to give complete pre- 
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cipitation at pH 4.0 to 4.5. This precipitate was collected by 
centrifugation, washed once with water, dehydrated with alcohol 
and ether, and dried in a vacuum. The average yield of dried 
nucleoprotein was 3 per cent of the wet weight of the Philadelphia 


TABLE I 
Nucleoprotein Analyses, Per Cent 


Philadelphia 
Walker No. 256 
Element | Sample No. | No. 1 | rat carcinoma | Rat thymus 


rat sarcoma 


| 50.30 | DO .72 49.48 


Carbon l 
2 | 50.62 | 50.69 49.54 
3 | 50.04 51.14 | 49.43 
4 | 50.07 50.82 48.80 
Hydrogen 1 | 6.36 6.72 6.48 
2 6.42 6.83 6.66 
3 6.33 | 6.62 6.63 
4 6.76 6.68 
Nitrogen 16.07 | 16.07 17.28 
2 | 16.28 | 16.22 16.77 
3 | 16.34 | 16.30 17.05 
4 16.45 | 16.14 17.10 
Phosphorus l | foe 1.65 2.74 
2 | 1.58 3.02 
3 | 1.65 2.83 
4 | ee 1.71 2.98 
Sulfur | l 1.11 | 1.42 0.81 
| 2 1.06 | 0.99 0.69 
| 3 1.02 | 1.07 0.78 
| 4 1.03 | 1.15 0.45 
Moisture 8.65 9.34 7.68 
| 2 11.66 9.50 8 65 
| 3 8.84 10.33 8.3] 
| 4 10.30 | 6.74 7.38 
Ash | l 0.50 | 2.47 0.62 
| 2 0.63 1.63 0.74 
3 0.95 0.73 
| 4 0.50 | 0.54 0.59 


i 


| 


No. 1 tumors, 2.9 per cent of the wet weight of Walker No. 256 
tumors, and 7.1 per cent of the wet weight of rat thymus. 

Two criteria were used to determine the constancy of the sub- 
stances obtained. Complete analytical data obtained by careful 
microanalytical methods were used to determine the nucleic acid 
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to protein ratio. Isoelectric points, as determined in a micro- 
cataphoresis cell, were used as the second indication of constancy 
of the substance obtained. 

Since most of these substances are highly hygroscopic, special 
methods for the determination of the moisture content, for the 
drying of the samples, and for the weighing under elimination of 
contact with moist air have been developed by Alber (8). With 
the use of these special techniques reliable results are obtained in 
the microdetermination of carbon and hydrogen (9), nitrogen 
(Dumas method) (9), phosphorus ((10) p. 126), sulfur ((10) p. 
116), and moisture (8). The values for the ash content do not 
represent the true values, since they were obtained by heating 
the sample in a current of oxygen to a maximum temperature of 
650°. Part of the phosphoric acid may be reduced under these 
conditions to elementary phosphorus and volatilized (11). All 
the microchemical analyses have been caried out by the micro- 
chemical department of the Foundation under the direction of 
H. K. Alber (12). 

Table I gives the analytical results found on the three types of 
nucleoproteins. 


Isoelectric Points 


Determinations of the isoelectric points of these nucleoprotein 
substances were carried out in a cell similar to that described by 
Bull (13). The Philadelphia No. 1 tumor nucleoproteins were 
first used in Kolthoff’s borax-succinic acid buffers and later 
checked in Serensen’s citrate buffers. Walker No. 256 and thymus 
nucleoproteins were tested in citrate buffer in the following man- 
ner. 0.1 per cent solutions of protein were made up by dissolv- 
ing the dry substance in a little water and NaOH with grinding 
to insure complete wetting, making up to the correct strength at 
pH 9 to 10, and then adjusting after filtration to a pH of exactly 
7 by the addition of a few drops of HCl. The isoelectric point 
was determined by adding 2 cc. of the 0.1 per cent solution to 25 
ec. of buffer solution of 0.02 m concentration. Since the sub- 
stances were insoluble at pH values near their isoelectric points, 
it was possible to observe the particles migrate under the low 
power lens of the microscope. The point on the pH scale at which 
no migration could be observed was considered to be the isoelec- 
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tric point. Table II gives the isoelectric points found for the 
twelve samples of nucleoproteins. 

The method for determining the points of attachment for acid 
and basic dyes to the tissue nuclei is described in detail in Paper 
\ of this series (14). Briefly, it consists of immersing the tissue 
in buffer solution at the same pH as the dye for 15 minutes pre- 
liminary to the actual dyeing. After washing, the tissue is dyed 
for 1 minute in basic dye, then after rinsing, for | minute in acid 
dye. Brief water and alcohol rinses gave finely differentiated 
slides when buffers at 0.2 pH intervals were used from pH 2 to 7. 


TABLE II 
Tsoelectric Points 


Nucleoprotein 
Walker No. 256 | Philadelphia No. 1 

1 4.25 | 4.65 

2 | 4.65 

3 4.20-4.25 | 

4 4.25-4.30 | 4.40 4.65 


Dye Extraction Experiments 


For the determination of the amount of dye taken up by the 
nuclei of the different tissues a special technique was developed. 
From eight to twelve pieces of tissue cut at 7 microns thickness 
were mounted on a single slide and dyed with toluidine blue in 
nearly the same manner as the previous sections used for the 
determination of the isoelectric points. The dye used was a 0.05 
per cent solution of toluidine blue instead of a 0.1 per cent solution, 
and the sections were dyed for. 3 minutes instead of 1 munute. 
After dyeing, the excess dye was completely rinsed out with several 
changes of distilled water until no more color could be noted in 
the solution. The sections were then placed in special extraction 
cells holding the slide and 4 cc. of liquid. For extraction a 1 
per cent solution of thorium nitrate (approximately 0.02 M) was 
used. This solution completely removed the dye from the nuclei 
with two extractions of 4. cc. each. The cell was then rinsed with 
1 ec. of solution and the volume of the extracted dye solution was 
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made up to exactly 10 ce. Colorimetric comparisons were then 
made on the different samples to determine the relations of the 


TABLE III 
Extraction Experiments with Toluidine Blue 


1. Tissue C omparison — 


Per cent increase in dye, pH 3.5 


Fixative Ph iladel- 


Walker | 
phia No. 1 | Rat 
Tissue 95% alcohol 1 | a22 | 68.3 
HgCl, 19.0 63 .3 
| Formaldehyde | 7.8 | 
Nucleoprotein Isoelectric ppt. | l 31.8 49.6 
2. pH 
Per cent increase in dye at pH 
Tissue Fixative 
| 3.2 | 3.85 | 39 | 43 
Philadelphia No.1 | 98% alechol 16. 5 43.1 
wits ae HgCh, pH 6 | 1 | 17.8 32.8 
Formaldehyde | | 1 | 14.7) 24.4 
Walker No. 256 95% alcohol 18.7, 40.4 
256 HgCh, pH 6 16.0 39.6 
65 ‘¢ 256 Formaldehyde 1 | 20.1 36.2 
Thymus 95% alcohol 1 35.0 
| HgCl., pH 6 1 | 19.9) 29.3 
‘Nucleoprotein | 
Philadelphia No. 1 Isoelectric ppt. | 1 | 14.9) 43.9 
Walker No. 256 7 | 1 | 24.3 49.3 
Thymus | | 24.2 41.7 | 
8. Fizative 
| Per cent increase in dye for fixative stain, pH 3.5 
Tissue 
HgeClh: | per cont alcohol ‘Formaldehyde 
Philadelphia No. 1 1 | 50.9 73.4 
Walker No. 256 1 | 36.7 63.5 


— 


amounts of dye taken up by the different tissues under various 
conditions. 


| 
| 
} 
| 
; 
| 
| 
| 


62 Dye Reaction on Cell Substances. IV 


The sections were rinsed completely free of thorium nitrate 
solution and redyed, after the usual buffering, by immersion in the 
0.05 per cent toluidine blue and then in fast green for counter-stain- 
ing. After they were mounted under balsam, the area of the sec- 
tions was measured in the following manner. Each section was 
projected at a magnification of 10 diameters and the outline of 
the projected section was drawn on a sheet of paper. The area | 
measurements were then made with a Keuffel and Esser planimeter 
and the total number of sq. inches of tissue was found by adding 
the number of sq. inches of all of the sections and dividing by the 
exact magnification of the projected image. ‘The measurements 
made in this way were accurate and were considered superior to 
the commonly used method of cutting out around the projected 
image and weighing the cut out paper. The sections were also 
used for nuclear counts. 

Table III gives the averaged results of the tissue-dye extraction 
experiments. In Part 1 of Table III is given the comparison be- 
tween the amount of dye taken up and released by the three tis- 
sues fixed in various solutions and dyed at pH 3.5. Part 2 shows 
the effect of pH on the amount of dye taken up by the different 
tissues under various conditions of fixation. Part 3 shows the 
effect of the different fixatives on two of the tissues when these 
were dyed at pH 3.5. Fig. 1 shows the pH series of Table III 
plotted as per cent increase in dye against the pH value. 

Extracted nucleoproteins were also dyed with toluidine blue and 
extracted with thorium nitrate. The procedure in this case was 
to take 1 ee. of 0.1 per cent protein solution as prepared from 
the dry substance at pH 7.0. This was precipitated in a 15 ce. 
centrifuge tube at the isoelectric point by the addition of 5 ee. of 
citrate buffer solution at the correct pH. The precipitated mate- 
rial was resuspended in citrate buffer of the same pH as the stain- 
ing solution to be used, and allowed to remain suspended for 15 
minutes. After centrifugation it was again suspended, this time 
in 0.025 per cent buffer solution of the dye and allowed to remain, 
with shaking, for 8 minutes from the time of first shaking into the 
dye solution to the time of reaching full speed in the centrifuge. 
The centrifugation required 2 minutes and then another 2 minutes 
to stop and pour off the stain and add the first rinse water. The 
dyed nucleoproteins were washed three times with distilled water 
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by shaking vigorously with 10 ce. portions and centrifuging to 
obtain the dyed precipitate. No dye appeared to come off into 
solution after the third rinse. The dye was then removed from 
the protein by means of | per cent thorium nitrate solution and 


% INCREASE DYE 


25 30 35 40 45 
pH 


Fig. 1. pH-dye series (Table III, Part 2). © represents nucleoprotein; 
X, tissue nuclei. The pairs of curves from left to right represent rat 
thymus, Walker No. 256 rat carcinoma, and Philadelphia No. 1 rat sar- 
coma, respectively. 


two 5 cc. portions were used to remove the dye completely. 
These were combined and measured colorimetrically. 

For a particular experiment all tubes of nucleoprotein were 
treated as nearly alike as possible and comparisons were made 
between samples in the same experiment, but not between samples 
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in different experiments. For example, if a pH-stain series was 
being run on Philadelphia No. 1 nucleoprotein, three tubes were 
precipitated, buffered, dyed, washed, and extracted at the same 
time with the only variable being the pH of buffer and buffered 
dye solution. If a nucleoprotein comparison was being made, 
the three tubes contained the different nucleoproteins each of 
which was precipitated at its correct isoelectric point but each 
was then prebuffered with equal amounts of the same buffer 
solution and dyed with equal amounts of the same dye solution, 
washed, and extracted at the same time. Comparisons were then 
made between the extracted dye solutions in the same series. 

The calculations for the comparison of the amount of dye taken 
up by the different tissues and nucleoproteins were made in the 
following manner. ‘The dye solution obtained from the extraction 
of the Philadelphia No. 1 tissue or nucleoprotein was used as the 
standard. The colorimetric readings of the extracted dye solu- 
tions of the other tissues or nucleoproteins were read against this 
solution and the results expressed as per cent more dye taken 
up by Walker No. 256 or thymus tissue or nucleoprotein. The 
calculation of the amount of nucleic acid in the three nucleo- 
proteins was based on their comparative phosphorus values: 
1.06 per cent P for Philadelphia No. 1, 1.65 per cent P for Walker 
No. 256, and 2.98 per cent P for thymus nucleoproteins; (1.06/ 
1.65) X 100 = 64.2 per cent as much nucleic acid in Philadelphia 
No. 1 as in Walker No. 256 nucleoprotein or 35.8 per cent more 
nucleic acid in Walker No. 256; (1.06/2.98) = 35.6 per cent as 
much nucleic acid in Philadelphia No. | as in thymus nucleopro- 
tein or 64.4 per cent more nucleic acid in thymus. 


DISCUSSION 


With the exception of one preparation, the nucleoproteins ex- 
tracted from the various tissues appear to be uniform in their 
characteristics. Four samples of Philadelphia No. 1 nucleopro- 
tein have almost identical composition, as shown by the figures 
in Table I. The nitrogen to phosphorus ratios agree within 3 per 
cent of the average ratio of 1:15.38. The isoelectric: points of the 
four samples were the same within 0.05 pH unit at the value 


4.65. 
The four samples of nucleoprotein of Walker No. 256 tumor also 
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have very similar analytical figures with the exception of the sul- 
fur and ash in Sample 1. ‘The nitrogen to phosphorus ratios also 
agree within 3 per cent of the average value of 1:9.85. The iso- 
electric points of three samples were the same within 0.05 pH 
unit at the value 4.40. The isoelectric point of Sample 1 was 
3.8. Electrodialysis of the sample failed to change this value, 
so it is possible that in this case the increased sulfur was in the form 
of a non-dissociable sulfurie acid ester having pronounced acidic 
effect on the compound. 

With the less homogeneous tissue, rat thymus gland, the agree- 
ment among the four samples prepared is not quite as good. The 
nitrogen to phosphorus ratio in two of the samples varies as much 
as 6 per cent from the average of the four samples at a ratio of 
1:5.9. The last two preparations agree within 3 per cent. These 
samples were made from animals of the same age, whereas the 
first two preparations were made from animals of many different 
ages. Since the thymus is very susceptible to changes in age, 
it is believed possible that this may account for the greater differ- 
ence in nitrogen to phosphorus ratio. The isoelectric points of 
all four samples agreed within 0.05 pH unit at a pH value of 4.25. 

It is not contended that the nucleoproteins as prepared above 
are completely homogeneous substances. In all preparations it 
was possible to detect an occasional tiny particle, as observed in 
the microcataphoresis cell, having a very different isoelectric 
point from the larger particles of the nucleoprotein under obser- 
vation. As shown by the pH-stain series (14) the nuclei of dif- 
ferent tissue elements varied considerably in their stain-binding 
capacity. The nucleoproteins of all of the nuclei would probably 
be extracted equally by the method used. It is believed that it 
will be possible to fractionate these nucleoprotein preparations 
in the Tiselius electrophoresis apparatus and thus separate from 
the tumor preparations fractions representing the lymphocytes, 
nuclei of the necrotic area, and the mitotic nuclei from the main 
mass of nucleoprotein representing nuclei of the resting tumor. 

The nucleoprotein preparations do strongly indicate that it is 
possible to obtain substances from the different batches of the 
same type of tissue having almost exactly the same P:N ratio. 

The lack of correlation between the cataphoretic isoelectric 
points and the points of attachment of acid and basic dyes was 
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clearly evident after preliminary experiments of the type given 
in Paper V of this series (14). These experiments showed that 
the basic dye toluidine blue appeared visually to have dyed the 
thymocyte nucleus of the rat thymus very strongly at a pH of 3.2. 
The resting nuclei, constituting the principal nuclear material of 
the tumor tissues, gave visually complete staining at pH 3.9 for 
the Walker No. 256 tumor and at pH 4.3 for the Philadelphia No. 1 
tumor. 

For simple proteins, acting as ampholytes, the isoelectric point 
represents that point of electrical neutrality in which the charge 
is zero, due either to lack of ionization of carboxy and amino 
groups or due to internal neutralization of the charges of ionized 
groups, according to the zwitter ion theory. In either case, on 
the acid side of the isoelectric point the protein combines with an 
acid dye, and on the basic side it combines with a basic dye. 

It is apparent that the cataphoretic isoelectric points of the 
nucleoproteins, as shown in Table II, do not represent points of 
electrical neutrality toward dyes. ‘Toluidine blue should not dye 
any of the substances at a pH below 4.3, whereas all of the nuclei 
were strongly dyed below this point. Table III shows most of 
the experiments on combination between toluidine blue and tissue 
nuclei and extracted nucleoproteins carried out at pH values be- 
low 4.3. These experiments were possible because not only the 
tissue nuclei but the extracted nucleoproteins as well showed the 
strong basic dye attachment at pH values well below the cata- 
phoretic isoelectric points. If the tissue nuclei alone had shown 
basic dye attachment at pH values below the isoelectric point of 
the extracted substance, it would have been possible to say that 
perhaps the nucleoproteins in the nuclei had different nucleic acid 
to protein ratios and, therefore, different isoelectric points. 
When the nucleoproteins also were shown to combine basic dye 
well below the cataphoretic isoelectric point, it was necessary to 
determine factors other than the outer micelle charge which were 
responsible for the dyeing of the nucleoproteins. 

The dye extraction experiments form this most interesting phase 
of the work. The experiments of Bungenberg de Jong and Lens 
(7) show that the bond between negatively charged colloid and 
basic dye can be broken by the introduction of inorganic ions, the 
intensity of the action increasing with increasing valence. Nat, 
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SO,~, and La*** cause increasing amounts of basic dye to be re- 
leased from the negatively charged nucleic acid. The same 
series Of ions was tried with the tissue, nucleoproteins, and nuclei 
after these had been dyed with toluidine blue. NaCl solution 
caused very little extraction, NasSO, somewhat more, and 
Lae(NOs3)3; nearly complete discharge of the dye from the nucleus 
or nucleoprotein. In view of these results, thorium nitrate was 
tried and proved to be even more effective than lanthanum, 
causing a complete removal of the dye from the nucleoproteins 
and cell nuclei. 

The method of calculating the results of the dye extraction 
experiments brings up a very interesting point. With the al- 
cohol-fixed tissues it was found that when the colorimetric readings 
of the extracted dye were corrected for the relative areas of the 
tissues being compared, the results came out in the proportions 
listed in Part 1 of Table III. That is, when Philadelphia No. 1 
tumor tissue was used as the low member of the series, Walker 
No. 256 tissue was found to have bound 32.2 per cent more dye 
and thymus to have bound 68.3 per cent more dye than the 
Philadelphia No. 1 tissue. The calculations for relative per cent 
of nucleic acid in the extracted nucleoproteins (based on P values) 
showed 35.7 per cent more nucleic acid in Walker No. 256 than 
in Philadelphia No. 1 tissue and 64 per cent more nucleic acid in 
thymus than in Philadelphia No. 1 tissue. These comparative 
results were even closer than was believed possible, considering 
the complexity of the method. Nuclear counts were made on 
the different tissues used for extraction but there was a complete 
lack of agreement between the nucleic acid values and the dye 
bound by the nuclei when the number of nuclei rather than the 
total area of tissue was used as the basis of comparison. The two 


types of tumor tissue did contain approximately the same number 


of nuclei, but thymus tissue contained at least twice as many 
nuclei per equal area as the tumor tissue. On this basis then, the 
thymus would have taken up about half as much dye as found by 
the previous method of calculation based on area alone. The 
nuclei of the two tumor tissues also corresponded quite closely 
in size but the nuclei of the thymus gland were approximately 
half the size of those of the tumors. 

These results would lead one to believe that the amount of dye 
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taken up by the alcohol-fixed tissue follows very closely the rela- 
tive nucleic acid content of the nucleoproteins in the nuclei and 
that the total volume of nuclear material is very nearly the same 
in the three tissues examined, although this may be distributed in 
many more nuclei in one tissue than in another. 

The quantitative relationship of dye-binding capacity and nu- 
cleic acid content did not hold for HgCl- and formaldehyde- 
fixed tissue. 

Table III also shows the binding of dye by the extracted nucleo- 
proteins. Again, the comparison between the amount of dye 
bound and then released by the Walker No. 256 as compared with 
the Philadelphia No. 1 tumor follows very closely the nucleic acid 
ratio of the two substances. The amount bound by the thymus 
nucleoprotein was somewhat less than with the tissue and as in- 
dicated by the nucleic acid content. The amounts of dye bound 
varied somewhat in a number of experiments from as low as 45 
per cent to as high as 55 per cent more dye bound than that bound 
by Philadelphia No. 1 nucleoprotein. In no experiment was there 
complete binding as there was in the tissue. Possibly the nature 
of the extracted substance prevented complete binding even 
though the substance was freshly precipitated at its isoelectric 
point just before dyeing. Even though the amount of dye bound 
by the extracted substance is about 15 per cent less than indicated 
by the tissue and by the nucleic acid values of the extracted 
substance, it is still enough more than in the other substances to 
warrant the assumption already stated that the extracted sub- 
stances are very similar even in their dye-binding capacity to the 
substances as they exist in the tissues. 

The pH series of Table III was made to determine the relative 
binding power of the tissue at different pH values as compared 
with the binding power of the extracted substance. There are 
not enough points on the pH scale to consider these values as 
dye titration curves but even so the three points used for each 
substance are plotted in Fig. 1. It can be seen that for the 
Philadelphia No. 1 tumor the extracted substance and tissue are 
very similar, while with Walker No. 256 tumor and thymus the 
extracted substance binds somewhat more dye with increasing 
pH than is bound by the tissue. The values found for the ex- 
tracted substance were almost within the limits of experimental 


— 
| 
} 
; 
| 
3 
$ 
: 


E. G. Kelley 69 


error of 8 per cent for this type of experiment with the extracted 
nucleoproteins. 

The action of fixatives on the quantitative relationship of dye 
binding is shown in Table III for the two tumor tissues. HgCl. 
is seen to cause a considerable repression of basic dye binding, 
while formaldehyde causes a considerable increase in the binding 
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Fic. 2. Diagrammatic representation of dyeing of nucleoproteins as 
compared with their cataphoretic isoelectric point. The inner shell, con- 
trolling dyeing, is predominantly influenced by negatively charged nucleic 
acid but partially influenced by positive protein charges. ‘The outer shell 
controls the charge influencing the cataphoretic migration. 


of toluidine blue when both are compared with alcohol-fixed tissue. 
The effect is more pronounced in fixed tissue of the Philadelphia 
No. 1 than in the Walker No. 256 tissue. 

This effect of the fixatives is very interesting, in view of the 
above results which lead one to believe that the basic dye is largely 
taken up by the nucleic acid in the nucleoproteins and tissue nuclei. 
It is not known what effect the fixatives would have on the nucleic 
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acid portion of the molecule while it was still combined with the 
protein. The only clear cut effect would be on the protein itself, 
in which mercuric chloride would combine with the COO~ groups 
and formaldehyde would combine with the NH» groups. Hg 
should, therefore, reduce combination with the basic dye, while 
formaldehyde should increase combination owing to repression 
of basicity within the molecule. The fact that the fixatives work 
in this manner on the nucleoproteins must mean that the protein 
is entering into the reaction between the dyestuff and the nucleo- 
protein. This may be either a direct dye-protein combination or 
the groups of the protein may influence the availability of the 
nucleic acid groupings. It seems clear from the results on stain- 
ing at pH values below the isoelectric point of the extracted nucleo- 
protein that the ionic atmosphere of the nucleoprotein particle 
which controls the charge in an electrical field does not control 
staining. The dye apparently penetrates through this charged 
field to one caused by the phosphoric acid groups of the nucleic 
acid. From the effect of the fixatives, however, it is apparent 
that the charge surrounding these groups is influenced in its 
reactivity toward dyestuffs by the protein groups associated with 
it. This supposition is presented diagrammatically in Fig. 2. 
In this diagram the nucleic acid is represented with many negative 
charges in order to show the effect of the fixatives. The effect 
may actually be a greater negative polarity of the phosphoric 
acid groups of the nucleic acid and not a larger number of electro- 
static charges. 


SUMMARY 


By extraction of nucleoproteins from three different types of 
rat tissue it has been possible to show that substances of constant 
composition can be obtained from each type of tissue. The sub- 
stances obtained in a number of preparations from each type of 
tissue showed the same nucleic acid to protein ratios and the same 
isoelectric points. The nucleoproteins from different tissues had 
considerably different nucleic acid to protein ratios. 

Of the three tissues studied, rat sarcoma contained a nucleo- 
protein having a nucleic acid to protein ratio of 1:15.3. Rat 
carcinoma contained more nucleic acid in relation to protein and 
had, therefore, a lower nucleic acid to protein ratio at a value of 
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1:9.85. Rat thymus had the lowest nucleic acid to protein ratio 
at a value of 1:5.9. 

By experiments on dye-nucleoprotein combination it has been 
possible to show that the substances extracted from the nuclei 
of different types of tissue are very similar in their nucleic acid 
to protein ratio to the nucleoproteins as they exist in the nucleus. 
In these dye-nucleoprotein experiments it was shown that the 
dyeing of a tissue nucleus is essentially controlled by the amount 
of nucleic acid in the nucleoprotein of this nucleus and is inde- 
pendent of the isoelectric charge of the nucleoprotein, as deter- 
mined by cataphoretic measurement. 
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REACTIONS OF DYES WITH CELL SUBSTANCES 


V. DIFFERENTIAL BASIC DYE COMBINATION OF TISSUE NUCLEI 
WITH SPECIAL REFERENCE TO RESTING AND MITOTIC 
CELLS OF TUMOR TISSUE 


By EDWARD G. KELLEY 


(From The Biochemical Research Foundation of the Franklin 
Institute, Philadelphia) 


PLATES 1 To 3 


(Received for publication, October 8, 1938) 


As a part of the investigation on extracted tumor and thymus 
nucleoproteins (1) it was necessary to develop a staining method 
which would show points of acid and basic dye attachment on the 
different nuclear elements of these tissues. In this investigation 
it was thought that it might be possible to find some correlation 
between the so called isoelectric point of tissue nuclei, as shown 
by acid and basic dye attachment, and the cataphoretic isoelectric 
point of the extracted nucleoproteins. 

Various methods for showing what has been called the isoelec- 
tric point of cell nuclei have been developed by a number of in- 
vestigators. Craig and Wilson (2) used acid and basic dyes and 
hematoxylin in HCl and acetate buffers in alcohol solution and 
found this method advantageous for staining differentially tissues 
of animals, plants, insects, and protozoa. Fautrez (3) and Seki 
(4) have used toluidine blue in buffer solutions for the differential 
staining of the cells of the reticulo-endothelial system. 

Hammarsten et al. (5) dyed nucleic acid and nucleoproteins in 
buffered dye solutions as well as the red blood cells of lizards. 
They found protein-nucleic acid mixtures stained as proteins 
and obtained only surface coloration in many cases. They state 
that the red blood cells of lizards contained nuclei poor in protein 
at certain stages of division but rich in protein in other stages. 
Haynes (6) studied the effect of pH on the staining with thiazine 
dyes of fixed sections of brain, intestine, bone, spleen, and kidney 
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and found a general increase in staining intensity from pH 3 to 9. 
Haynes also used buffers for pretreatment and posttreatment of 
sections but did not follow this treatment by staining in buffered 
dye solutions. 

Kelley and Miller (7) dyed tissues and nucleoproteins in acid 
and basic dyes in buffers for comparison of the extracted nucleo- 
proteins with the cell nuclei. They found that the metachromatic 
staining of nucleoproteins with unmordanted hematoxylin was 
due to pH effects on the surface of the substances and the differen- 
tial dyeing of mucoproteins and nucleoproteins with certain basic 
dyes was independent of pH effects. Laves (8) and Niethardt 
(9) studied the effect of pH of staining solution on the staining of 
liver tissue under various conditions. They present a good dis- 
cussion of the point of staining which can best be considered as 
the isoelectric point. 

Stearn and Stearn (10) have studied intensively the staining of 
bacterial organisms with buffered dye solutions. They present 
many experiments which tend to show that dyeing of tissue sub- 
stances is a chemical phenomenon. ‘Tolstoouhov (11) used acid 
and basic dyes in combination in 50 per cent alcohol solution to 
obtain good differential staining of various tissue elements. He 
studied red blood cells, tumor and kidney tissue and found dif- 
ferential staining of different elements in these tissues. He also 
studied the effect of the fixative and presented theories regarding 
the reason for the differential pH staining reactions of the types 
of nuclei studied. 

Most of these methods for showing tissue isoelectric points were 
tried, but it was found that the point of acid and basic dye attach- 
ment was too indefinite to hope to obtain any correlation with an 
exact measurement such as a cataphoretic isoelectric point. By 
trying these methods, however, as well as many new staining com- 
binations, it was possible to work out a method giving a sufficient 
degree of differentiation to make possible an exact study on the 
nucleoproteins and tissue nuclei. It was found that treatment of 
the tissue with a buffer solution followed by a short immersion in 
basic dye in buffer solution and then in acid dye solution gave the 
most satisfactory results. After each stage the tissues were 
rinsed briefly in water. After the final water rinse, an alcohol 
rinse was used to remove excess uncombined dye. Tolstoouhov 
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(11) and others have stated that the aleohol rinse was not advis- 
able because of its solvent action on the dyes. This was found to 
be true for a number of dye combinations but in the present 
method it serves to give even better differentiation than when it 
is not used. ‘The use of this aleohol rinse did limit the dyes that 
could be used for this method. Triaminotriphenylmethane dyes 
such as basic fuchsin or methyl green in combination with acid 
counter-stains such as fast green and eosin gave dyes of mixed 
color which were readily soluble in aleohol. It was found that 
the dyes of the oxazine and thiazine type in combination with 
either light green or its homologue fast green were essential to 
satisfy the conditions for the fine differentiation required. Meth- 
ylene blue, toluidine blue, and thionine as thiazines were all very 
satisfactory and brilliant cresyl blue, an oxazine dye, gave fairly 
good differentiation. Toluidine blue was by all means the best 
dye found for this method. It was readily soluble in buffer solu- 
tions and gave clear, consistent nuclear staining. Thionine, 
when used in certain buffers, was good, but its lack of solubility 
was a very limiting factor in its use. Methylene blue was con- 
sidered to be too unstable chemically to be used over a period of 
time when constancy of color was desired. 

The detailed procedure followed can be given briefly. Acid 
and basic dyes were made up at a concentration of 0.1 per cent of 
real dye by dissolving weighed amounts of the dye in 50 ce. por- 
tions of buffer solutions. ‘Thionine was soluble in Kolthoff’s 
borax-succinic acid buffers from pH 3 to 5.8, but was not soluble 
in the Kolthoff borax-phosphate buffers nor in Sgrensen’s citrate- 
HCl or NaOH buffers. In one series it was used in the Kolthoff 
buffers and in another it was used in dilute HCl and in acetate 
buffers to cover the pH range from pH 2 to 6. 

Toluidine blue was soluble in all of the buffers but was used 
mostly in Sgrensen’s citrate-HCl and NaOH buffers, since these 
buffers covered the pH range desired from pH 2.0 to 7.0. Fast 
green was soluble in all buffers tried. All dyes were of known dye 
content and purity, as specified by the Commission on Standard- 
ization of Biological Stains. 

The buffers were made up at 0.2 pH intervals and their pH 
values determined to +0.02 pH by means of a vacuum tube glass 
electrode apparatus similar to that described by Rosebury (12), 
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with a General Electric FP 54 vacuum tube. Likewise the dye 
solutions were tested and their pH value in buffer was found to 
+0.02 pH. 

Fixed tissues were cut 7 microns thick from paraffin and passed 
through xylol and alcohols to distilled water. Individual slides 
of a series were transferred to 50 ec. of buffer solution in a 35 X 80 
mm. glass shell vial. The slide was allowed to remain in buffer 
solution of the same pH as the acid and basic dye solution for 
15 minutes and was then rinsed in distilled water and transferred 
to the 0.1 per cent solution of the basic stain where it remained 
for exactly 1 minute. The sections were then rinsed free of ex- 
cess basic dye and transferred for 1 minute to the acid dye. After 
another water rinse the sections were dipped in 95 per cent alcohol 
until no further running of dye could be noted and then transferred 
to 100 per cent alcohol, aleohol-xylol, and xylol. All sections in 
the pH-stain series were mounted under balsam. In most ex- 
periments fifteen slides were stained at 0.2 pH intervals covering 
the range which preliminary experiments showed included the 
point at which no staining of nuclear material occurred and the 
point at which no further increase of nuclear staining could be 
detected microscopically. 

In these experiments on the staining of different tissues by the 
method just given, a number of different fixatives were used to 
determine their effect on the staining. Preliminary experiments 
were carried out with alcohol, acetic alcohol containing 5 per cent 
acetic acid, mercuric chloride at pH 2.0 and 6.0, formaldehyde at 
pH 2.0 and 6.0, and phosphotungstic acid at pH 2.0 and 6.0. 

A comparison microscope was used to enable direct comparison 
of two sections, stained under different conditions, for location and 
intensity of color. In most cases better intensity comparisons 
could be made by using a green contrast filter, such as the Wratten 
No. B2. 

When the observations on staining were made, the points at 
which basic dye combination with the different cell elements could 
first be detected were noted, and then the points at which no fur- 
ther increase in intensity of staining was apparent for the differ- 
ent nuclei were found. 

The results of the staining experiments on the different tissues 
and the various types of cell nuclei in these tissues are presented 
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in Table 1. ‘These results represent the values found for a number 
of series of each tissue with toluidine blue and fast green as the 
stains. 


Discussion of Staining Experiments 


The results found in the paper on extracted nucleoproteins 
showed that the dyeing of nucleoproteins and tissue nuclei fol- 
lowed very closely the nucleic acid content of the nucleoproteins. 
At a particular pH the tissue or nucleoprotein having the highest 
nucleic acid content dyed most strongly, while the one with the 
least nucleic acid took up much less dye at the same pH. From 
the data of the pH series in this same paper it was possible to show 
that with increasing pH, increasing amounts of dye combined with 
all of the substances, but that at any pH along the curve it was 
still true that the nucleoprotein with higher nucleic acid content 
was always more strongly dyed. The dyeing of nuclei and nucleo- 
proteins by means of this technique appeared much more nearly 
like a titration curve of a non-ampholytic substance than a dyeing 
due to surface electrical charges of an ampholyte. The isoelec- 
tric point of the extracted substance may not have been represen- 
tative of the isoelectric point of the nucleoprotein micelle of the 
fixed nucleus, but one thing was certain, that the isoelectric charge 
on the extracted nucleoprotein, as shown by electrical migration, 
had little influence on the dyeing of the same substance with 
toluidine blue. Most of the dye extraction experiments were 
carried out at pH values below the cataphoretic isoelectric point, 
since it was found that nearly full intensity of staining was reached 
below this point. Owing to the closeness of the staining reactions 
of extracted substance and the cell nuclei, it seems justifiable to 
say that the staining of the tissue nuclei was also independent of a 
point of electrical balance in any way similar to an actual isoelec- 
tric point. 

The fact is evident that when a basic dye and an acid dye are 
used for staining tissue there is a point on the pH scale below 
which the nuclear material is stained with the acid dye and above 
which basic dye staining occurs. This point might be considered 
an isoelectric point, but actually it appeared much more like a 
dissociation constant for some group in the nucleoprotein. The 
staining of the nuclei was not a sharply defined point, but began 
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with a very faint, scarcely perceptible, staining and continued 
gradually to a point where visually no increase in intensity of 


staining could be noted. 


Probably this first perceptible point of 


TABLE I 
pH-Stain Series; Toluidine Blue and Fast Green 


pH of basic dye solution 


Tissue Fixative Type of nucleus Point Point 
of first of complete 
staining staining 
Philadelphia | 95% alcohol Lymphocytes 2.4 
No. 1. sar- |  Necrotic area nuclei 2.4 2.7 
coma | Mitotic nuclei 2.7 3.1 
| Resting “ 3.6 4.3-4.4 
Mercurie Lymphocytes 2.4 2.7 
chloride, | Necrotic area nuclei | 2.4 2.7 
Resting “ | 
Walker No. 256) 95% alcohol Lymphocytes 
carcinoma Necrotic area nuclei «2.42.7 
Resting “ 3.3 | 3.8-3.9 
Mercuric Lymphocytes 
chloride, | Necrotic area nuclei 
pH 6.0 Mitotic nuclei 
Resting 1-44 
Thymus (rat) | 95% alcohol | Thymocytes 
Mercuric 2.8 | 3.4 
chloride, | 
pH 6.0 | 
Liver 95% aleohol Lymphocytes 2.4 : 2.7 
Hepatic cell nuclei 3.5 | 3.9-4.1 
chloride, | Hepatic cell nuclei 3.7 4.1-4.3 
Spleen 95% aleohol Lymphocytes, resting, 2.3 2.6 
| and mitotic 
| _ White blood cells ex- 3.0 3.9 
| cept above 
| _ Reticular cells 3.6 | 4.0 
| Mercurie Lymphocytes, resting 2.3 2.6 
chloride, and mitotic 
pH 6.0 — White blood cells ex- a 4.0 
cept above | 
_ Reticular cells | 3.6 | 4.0 
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TaBLeE 1—Concluded 


pH of basic dye solution 


Tissue | Fixative Type of nucleus mien | Point 
_ of first | of complete 
staining staining 
Kidney 95% alcohol Tubulesofinnermed- 3.5 3.7 
| ullary zone 
| Medullary zone tu- 4.0 5.0 
| bule nuclei | 
| Glomeruli 4.0 5.0 
| _ Proximal and distal | 5.8 6.7 
| tubule nuclei in cor- Nearly 
| tex | com- 
| | | plete 
Mercurie Medullary nuclei | 3.6 4.8 
| chloride, | Glomeruli | 8.6 4.8 
pH 6.0 Proximal and distal | 4.0 4.8 
| tubule nuclei | 


basic staining is not actually the point of first attachment of the 
basic dye when one considers the low dissociation constants of the 
phosphoric acid groups of nucleic acid, but must represent the 
point at which enough basic dye has entered into the nucleopro- 
tein to overcome the masking effect of the acid dye. The acid 
dye must also be decreasing in intensity at the same point in the 
molecule. This must account for the great differential effects in 
various elements in a single tissue and for the difference between 
different tissues. The nucleus having the nucleoprotein of greater 
nucleic acid content will bind more dye at the same pH than one 
of less nucleic acid content when the time of staining and the 
concentration of the solution are kept exactly the same. This 
latter condition is absolutely necessary if the staining of the dif- 
ferent types of nuclei is to be interpreted as an indication of the 
relative amounts of nucleic acid in the nucleoproteins of these 
nuclei. 

In Table I the two most readily detectable points of staining 
are given, the point of first visual attachment of the dye and the 
point at which staining appears to be complete. It is difficult to 
say which point is the most accurate for determining the nucleic 
acid content, but the point of complete staining appears to be 
best. For a single tissue it is possible to note this point for differ- 


| 
| 
; 


80 Dye Reaction on Cell Substances. V 


ent elements when they occur in close proximity to one another. 
For different tissues and unlike regions of the same tissue the 
comparison microscope allows a very accurate comparison of this 
point of complete and comparable staining with the different types 
of nuclei. 

It may be seen from Table I that the nuclei of the lymphocytes 
stain at the lowest pH value and must therefore have a nucleo- 
protein of the highest nucleic acid content. In comparing the 
three tissues used in the paper on nucleoprotein preparations, we 
find the thymocytes of the thymus gland stain at pH 3.2 (Fig. 11), 
the mitotic nuclei of tumor tissue at 3.1 to 3.2, the resting nuclei 
of Walker No. 256 tumor tissue at pH 3.8 to 3.9, and the resting 
nuclei of Philadelphia No. 1 tumor at pH 4.3 to 4.4. In the other 
tissues studied the lymphocytes likewise showed the lowest point 
of basic dye attachment, while other elements showed increasingly 
higher pH values before the basic staining was visually complete. 

The differential staining of the resting and mitotic nuclei of 
tumor tissue forms the most interesting phase of this work. From 
the reasoning already presented regarding the controlling factors 
in the staining of tissue nuclei, the fact is evident that the mitotic 
nucleus has a nucleoprotein of higher nucleic acid content than 
the resting nucleus in both types of tumor tissue investigated 
(Figs. 1 to 4, 7, and 8). Several possibilities as to the mechanism 
of this nucleic acid change can be suggested. More nucleic acid 
may come into the nucleus from a point of synthesis in the cyto- 
plasm or it may be synthesized in the nucleus. Protein may be 
split off from the nucleoprotein, leaving a substance relatively 
richer in nucleic acid. It is even possible that a reorientation of 
the groups in the nucleoprotein may place more phosphoric acid 
groups in a position for staining. 

In many cases it has been possible to find nuclei having the 
morphological appearance of a resting nucleus but with the stain- 
ing intensity of a mitotic nucleus. These nuclei were always 
found in close association with one or more mitotic nuclei. This 
would lead to the conclusion that the nucleic acid content of the 
chromatin material was already increasing before the actual mor- 
phological changes of mitosis occurred. 

It is interesting to note at this point that Caspersson has already 
stated that he believes the mitotic nucleus has a higher nucleic 
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acid content than the resting nucleus, as shown by the greater 
intensity of the ultraviolet absorption bands of the mitotic nucleus 
(13). Whether this nucleic acid is free or combined with protein 
it is not possible to determine with absolute certainty. In these 
staining experiments the mitotic nucleus definitely has a higher 
nucleic acid content, but from the point of view of extracted 
nucleoprotein staining it seems likely that the nucleic acid of the 
tumor cell nucleus is still attached to protein. The combination 
must be rather labile, however, in order for the increase to occur 
as the cell goes through mitosis and for the decrease to occur after 
the cell returns to the resting stage. 

In regard to the possibility that protein may be split off during 
mitosis there is only one observation that might lead to such a 
conclusion. ‘That is, that in most of the cells undergoing mitosis 
there is a distinct increase in the intensity of the acid staining of 
the cytoplasm of these cells as if the cytoplasm were becoming 
more basic while the nuclei were becoming acid. 

As to the reorientation of the acid groups of the nucleoprotein 
the only thing that can be noted is that the staining of the nuclei 
does not appear to be a surface staining phenomenon, but rather 
there is a definite penetration of dye beneath the outer charged 
surface. As such, a change in nucleic acid groups to the surface 
should have little effect. 

The effect of fixation on the tissues is not quite as clear as 
appeared in the quantitative experiments carried out by the dye 
extraction methods. All of the tissues examined showed consider- 
ably less intensity of staining when fixed in mercuric chloride at 
pH 6.0 than shown by the corresponding aleohol-fixed slides. The 
resting nuclei of Philadelphia No. 1 and Walker No. 256 tumors 
showed the most pronounced effect. It was not possible to find 
any point on the pH scale at which the intensity of staining be- 
came equal to that of the alcohol-fixed nuclei. The intensity of 
staining did appear to increase with higher pH values and with 
Philadelphia No. 1 tumor at pH 6.2 it was almost equal in intensity 
to the alcohol-fixed nuclei at pH 4.3. Although there was a pro- 
nounced effect of mercuric chloride fixation on the resting nuclei 
of the tumor tissues, there appeared to be little if any effect on the 
mitotic nuclei of these same tissues. At pH 3.2, the point of com- 
plete staining of mitotic nuclei in alcohol-fixed tumor tissues, the 


| 
| 
| 
| 
- i 
| 
y 


82 Dye Reaction on Cell Substances. V 


mercuric chloride-fixed tissue also showed numerous deeply stained 
mitotic nuclei. At pH 3.8 and 4.3, the points of complete staining 
of alecohol-fixed resting nuclei in Walker No. 256 and Philadelphia 
No. 1 tumors, the contrast between mitotic nuclei and resting 
nuclei is still very pronounced in the mercuric chloride-fixed tis- 
sues. Thisisshownin Figs. 5,6,9,and 10. With the thymocytes 
of rat thymus there was also some inhibition of basic staining but 
this was not as pronounced as with the resting tumor nuclei. 
The intensity of staining of the thymocytes was equal to that of 
the alcohol-fixed nuclei at pH values only 0.4 unit above the point 
of complete staining after alcohol fixation. 

The effect of formaldehyde fixation was even less clear than 
with mercuric chloride fixation. The nuclear material was more 
deeply stained than in alcohol-fixed tissue at a corresponding pH, 
but in the sections examined it was found that fixation of nuclear 
elements was rather poor and the color was much more diffuse 
than found with the other fixatives. Because of this diffuse 
staining, comparisons were difficult between the different sections 
in a pH-stain series. 

In addition to the three tissues investigated in connection with 
the quantitative dye experiments, a few other tissues from the rat 
were stained in the differential pH staining series. ‘The tissues 
so far investigated have been liver, kidney, and spleen. Connec- 
tive tissue has also been studied where it occurred in connection 
with the other rat tissues. The complexity of the structure of 
these tissues renders them unsuitable for a study of the quantita- 
tive relations of extracted nucleoproteins and tissue nuclei. 

Liver tissue stained in the pH series showed clearly defined he- 
patic cell nuclei without other deep staining. The full intensity of 
these nuclei occurred at pH 3.9 to 4.1. Above this point the cyto- 
plasm appeared to show many fine stained granules which it is 
believed were chromidial bodies. Mercuric chloride-fixed tissue 
showed somewhat less intense hepatic nuclei at pH 3.9 to 4.1 but 
gave better contrast owing to the fact that the cytoplasm and 
granules retained their acid-staining capacity much more strongly 
in relation to the nuclear staining. 

The spleen was much too complex for an exact determination 
of the point of complete staining for all of the different elements to 
be made. The different elements appeared to stain progressively 
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with increasing pH of the stains. The really clear differentiation 
was notable in the germinal areas of lymphocyte formation. Ata 
pH as low as 2.7, in alcohol-fixed sections, the lymphocytes, both 
resting and in division, showed very strong basic staining (Fig. 12). 
Mercurie chloride-fixed sections showed what appeared to be a 
stronger repression of resting lymphocyte staining than mitotic 
cel] staining, as noted so clearly with tumor tissue. The differ- 
ence was much less pronounced than with tumor tissue, however, 
owing perhaps to the relatively smaller percentage of protein in 
the lymphocyte nucleoproteins. As the pH of the stains increased, 
there was a progressive increase in the staining of nuclear elements 
in the spleen tissue. It appeared possible to differentiate between 
the reticular cells of the white pulp and the various white blood 
cells other than lymphocytes, but the exact pH values at which 
these various elements stained completely were not thoroughly 
investigated. 

Of the tissues other than thymus and tumor tissue the kidney 
was the most interesting. In these experiments the tissues were 
fixed in two ways: by immersion of the whole organ in the fixing 
fluid, and by perfusion of the fixing fluid through the glomerular 
capillaries by injection into the thoracic aorta near where it passes 
through the diaphragm. The results were exactly the same with 
both types of fixation and showed very interesting differences 
between alcohol- and mercuric chloride-fixed tissues. 

Aleohol-fixed sections showed no nuclear staining in any regions 
of the kidney at pH 3.1. At pH 3.7 the collecting tubules in the 
inner medullary zone were stained fairly strongly. At pH 4.6 the 
nuclei of the kidney capsule and of the glomeruli were quite in- 
tensely stained, while most of the nuclei in the tubules in the 
medullary zone were very intensely stained (Figs. 13 and 15). 
The nuclei in the proximal and distal convoluted tubules were not 
visible in the regions adjacent to the glomeruli in the cortical 
zone and were scarcely visible anywhere in the cortex (Fig. 13). 
At pH 5.2 the glomeruli were strongly stained as were also the 
nuclei of all cells in the medulla. At pH 6.2 the nuclei of the tu- 
bules in the cortex were readily visible but not stongly stained. 
These nuclei of the cortical tubule were finally stained with con- 
siderable intensity at a pH of 6.7 and at this point showed with 
good contrast against the green background of the fast green- 
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stained cytoplasm (Fig. 14). At pH 7.5 they were even more 
intensely stained but at this pH the cytoplasm had also stained 
to a slight extent with the basic dye so the contrast was not as 
good as in the sections at pH 6.7. In the mercuric chloride-fixed 
kidney an entirely different staining was found. The differential 
staining of the different types of nuclei was lacking to a very great 
extent. At pH 3.3 there was no nuclear staining, as noted in the 
alcohol-fixed sections, but at pH 3.9 all nuclei were beginning to 
stain quite strongly. At pH 4.6 in these mercuric chloride-fixed 
sections the nuclei of the proximal and distal tubules adjacent to 
the glomeruli were quite strongly stained as were all other nuclei 
in the sections (Fig. 16). The intensity of all nuclei increased 
somewhat above this pH but all were of equal intensity. 

It is dificult to explain these contradictory facts related to the 
staining of kidney sections. ‘The rapidity of penetration of the 
fixing fluid in the perfusion type of fixation should rule out enzyma- 
tic or pH changes as a cause of the differential effects noted above. . 
The only explanation considered reasonable is that in the aleohol- 
fixed sections the proximal and distal tubules contain some 
strongly basic salts which repress the staining with the basic dye 
until a high pH is reached. The tubules in the medullary zone 
were strongly stained in both alcohol- and Hg(Cl.-fixed sections 
at a pH of 4.4, as were also the glomeruli. It appears likely that 
in the preparation of the mercuric chloride-fixed tissue, in which 
considerable washing with water was done, these basic salts which 
repressed staining of the nuclei in the alcohol-fixed sections were 
washed out. 

If such reasoning is valid, the staining procedure has not actually 
shown a difference in the nucleic acid to protein ratios of different 
types of cells in the kidney, but only a difference in the basicity of 
these cells in different regions of the kidney. 


SUMMARY 


1. A new method of differential staining of tissue nuclear ele- 
ments has been described. By means of this technique it has been 
possible to show chemical differences in various types of cell 
nuclei. 

2. The mitotic nucleus of transplantable rat tumor was shown 
to contain nucleoprotein of higher nucleic acid content than the 
resting nucleus. 
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3. Of the tissues studied, lymphocytes were found to contain the 
most acid nucleoprotein, with other nuclei containing less acid 
nucleoproteins, in the following order: thymocytes, mitotic tumor 
nuclei, reticular cell nuclei of spleen, resting cell nuclei of Walker 
No. 256 tumor, liver nuclei, and resting cell nuclei of Philadelphia 
No. 1 tumor. 

4. The action of fixatives on nuclear staining by the above 
method has been discussed with special reference to the differen- 
tial effect of mercuric chloride on the mitotic and resting nuclei 
of tumor tissues. 

5. Kidney tissue fixed in alcohol showed greatly inhibited nu- 
clear staining in the proximal and distal convoluted tubules, 
while mercuric chloride-fixed tissue showed strong nuclear staining 
in all the tubules. 
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EXPLANATION OF PLATES 


PLATE 1 


Fic. 1. Alcohol-fixed Philadelphia No. 1 tumor, stained with toluidine 
blue and fast green, showing combination of basic dye with mitotic nuclei 
at pH 3.2. x 960. Wratten No. B2 filter. 

Fie. 2. Same as Fig. 1, but showing combination of both resting and 
mitotic nuclei with basic dye at pH 4.3. 

Fic. 3. Same as Fig. 1. 

Fic. 4. Same as Fig. 2. 
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Fic. 5. Philadelphia No. 1 sarcoma, fixed in mercuric chloride at pH 6, 
stained with toluidine blue and fast green at pH 5.2, showing repression of 
staining of resting nucleus but not of mitotic nucleus. 960. No. B2 
filter. 

Fic. 6. Same as Fig. 5, but at pH 6.2. 


PLATE 2 


Fic. 7. Walker No. 256 tumor fixed in alcohol, stained in toluidine blue 
and fast green at pH 3.2. Mitotic nuclei and a few lymphocytes stained. 
Resting nuclei not stained. X 960. Wratten No. B2 filter. 

Fic. 8. Same as Fig. 7, but showing combination of both resting and 
mitotic nuclei with basic dye at pH 3.9. 

Fic. 9. Walker No. 256 carcinoma, fixed in mercuric chloride, showing 
repression of resting nucleus staining with basic dye at pH 4.3 but not of 
mitotic nucleus staining. X 960. No. B2 filter. 

Fic. 10. Same as Fig. 9, but showing that resting nucleus staining is 
not as strongly inhibited as it is in Philadelphia No. 1 tumor after mercuric 
chloride fixation. 

Fic. 11. Rat thymus fixed in alcohol, stained in toluidine blue and fast 
green, showing strong staining of thymocytes at pH 3.2. X 487.5. No. 
B2 filter. 

Fic. 12. Rat spleen fixed in alcohol, stained in toluidine blue and fast 
green at pH 2.7, showing strong staining of mitotic and resting lympho- 
cytes at this low pH value. X 487.5. No. B2 filter. 


PLATE 3 


Fic. 13. Rat kidney fixed in alcohol, stained in toluidine blue and fast 
green at pH 4.6, showing strong staining of nuclei of the glomerulus but 
no basic dye staining of nuclei of proximal and distal convoluted tubules. 
< 243.75. Wratten No. B2 filter. 

Fic. 14. Similar region of alcohol-fixed kidney, stained in toluidine blue 
and fast green at pH 6.7, showing nuclei of proximal and distal convoluted 
tubules stained at this pH. X 243.75. No. B2 filter. 

Fic. 15. Alcohol-fixed kidney tissue, showing strong staining of nuclei 
of medullary region with toluidine blue at pH 4.6, in contrast to lack of 
staining of nuclei of proximal and distal convoluted tubules of cortex at 
the same pH. X 243.75. No. B2 filter. 

Fic. 16. Mereuric chloride-fixed kidney tissue, stained in toluidine blue 
and fast green at pH 4.6, showing nuclei of proximal and distal convoluted 
tubules, stained at this pH after mercuric chloride fixation and subsequent 
washing out of basic salts which inhibited staining in alcohol-fixed sections. 
X 243.75. No. B2 filter. 
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SYNTHESIS OF CYSTINE BY THE ALBINO RAT* 


By ELIOT F. BEACHT ann ABRAHAM WHITE 


(From the Laboratory of Physiological Chemistry, Yale University School of 
Medicine, New Haven) 


(Received for publication, October 18, 1938) 


Within the past few years evidence has been accumulating 
which is indicative of the probable conversion of methionine to 
cystine in the animal organism. It has been demonstrated (1, 2) 
that methionine is as effective as cystine in increasing the growth 
rate of animals restricted to a low dietary intake of the sulfur- 
containing amino acids. The feeding of methionine has also 
been found to make available extra cystine for the detoxication 
of bromobenzene (38, 4), naphthalene (5), iodoacetie acid (6), 
and probably also for the detoxication of cholic acid (7). Further- 
more, the oral administration of methionine to cystinuric in- 
dividuals led to an increased excretion of cystine in the urine 
(8, 9); and either cystine or methionine, given to bile fistula dogs, 
caused an augmented output of taurocholic acid in the bile 
(10). More recently, it has been demonstrated (11) that the 
addition of methionine to the diet of young rats fed a ration 
known to be deficient in the sulfur-containing amino acids results 
in an increased hair production and a higher percentage of total 
sulfur and of cystine in this hair. 

Although the results of these contributions strongly suggest 
that cystine may be replaced by methionine in the diet, probably 
by virtue of the conversion of methionine to cystine, it is only 
recently that definite proof has been obtained (12-14) that 
cystine is entirely dispensable in nutrition when adequate methio- 


* This investigation was aided by a grant from the Fluid Research Fund 
of Yale University School of Medicine. 

t This paper is taken from a portion of a thesis presented by Eliot F. 
Beach as partial fulfilment of the requirements for the degree of Doctor of 
Philosophy, Yale University. 
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nine is available. In the present study, further confirmatory 
evidence of the non-essential dietary nature of cystine was sought 
in an investigation of the ability of the animal organism to produce 
cystine from non-cystine precursors. By feeding a practically 
cystine-free diet to rats, it has been possible to demonstrate 
that the animals deposited in their tissues an amount of cystine 
in excess of that which might be accounted for on the basis of 
daily cystine intake plus the cystine originally present in the 
animal at the beginning of the experiment. After the completion 
of these experiments, the results of a similar investigation were 
published by Dawbarn (15). The latter investigator observed 
that the amount of cystine stored in the hair of rats, fed on a 
basal diet essentially free of cystine and supplemented with 
methionine, was very much greater than that ingested by the 
animals, and concluded that evidence had been obtained for the 
conversion of part of the dietary methionine to cystine. 


EXPERIMENTAL 


A casein hydrolysate, from which cystine was removed by a 
modification of the procedure of Vickery and White (16), was 
used as the source of nitrogen for the experimental diet. This 
hydrolysate was prepared as follows: 

1.5 kilos of casein! were hydrolyzed for 18 hours with 450 gm. 
of granular tin metal and 7 liters of 7.2 N sulfurie acid. At the 
end of the hydrolysis period the solution was decanted from the 
tin and divided into five equal portions, each of which was treated 
according to the following procedure. 

The acid concentration was brought to about 2 N by diluting 
the acid hydrolysate with the correct quantity of distilled water. 
To the warm (45°) solution was then added a water suspension 
of cuprous oxide (Kahlbaum’s) until a definite excess of the 
cuprous oxide was present. Efficient mechanical stirring was 
maintained during the addition of the oxide. The solution was 
brought to pH 4 to 5 with hot saturated barium hydroxide solution 
and then chilled for 24 hours. The insoluble material was re- 
moved by centrifugation. 

The clear supernatants from each of the five portions of the 


! Technical casein (Lister Brothers, Inc., New York). 
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hydrolysate, treated as described above, were then combined and 
saturated with hydrogen sulfide to remove the dissolved copper 
and tin. ‘The solution was filtered free of the insoluble sulfides 
and evaporated to about 8 liters on the steam bath in vacuo. The 
sulfuric acid still remaining in solution was removed exactly by 
precipitation with barium hydroxide. The barium sulfate was 
removed by filtration, the filtrate concentrated to a small volume 
on the steam bath in vacuo, transferred to an evaporating dish, 
and evaporated to dryness. The residue was thoroughly dried in 
a vacuum oven at 70° and ground to a fine powder. 

The resulting dry hydrolysate of casein was analyzed for cystine 
by both the specific Sullivan method (17) and by the Vickery 
and White procedure (16). Both methods showed no cystine 
present. It was concluded, therefore, that the removal of cystine 
had been complete. The cystine-free casein hydrolysate was 
incorporated in a diet of the following composition: casein hydrol- 
ysate 14.7, tryptophane 0.3, Crisco 21, cod liver oil 5, Osborne 
and Mendel (18) salt mixture 4, and starch 55 per cent. 

A group of twelve male rats was placed on the above diet at 
weaning (21 days of age) and fed the ration ad lintum. Each 
rat received in addition to the above diet a daily supplement of 
100 mg. of ryzamin-B (Burroughs Wellcome Company) and 50 mg. 
of Liver Extract 343 (Eh Lilly and Company). While this 
quantity of supplement is not optimum, it provided sufficient 
water-soluble vitamin to permit a fair rate of growth.? This 
Vitamin supplement represents the only possible dietary source 
of cystine, inasmuch as the casein hydrolysate used in the diet 
was cystine-free. Analyses of the vitamin preparations em- 
ployed revealed that the ryzamin-B contained 0.046 per cent 
organic sulfur and the liver extract 0.654 per cent organic sulfur. 
Therefore, a daily intake of 100 mg. of ryzamin-B and 50 mg. of 
Liver Extract 343 represents a daily total organic sulfur intake 
of 0.373 mg. If all of the organic sulfur in the total vitamin 
supplement is calculated as cystine, the maximum figure for the 
daily cystine intake for each animal is only 1.4 mg. 

At the end of the feeding period (40 to 44 days) the experi- 
mental animals were killed and the gastrointestinal tract and 


2 Acknowledgment is made to Dr. A. U. Orten for making available her 
data on the adequacy of this vitamin B supplement. 
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contents removed and discarded. The pelt and carcass of each 
animal were hydrolyzed separately in 100 and 150 cc. respectively 
of 20 per cent hydrochloric acid for 24 hours. The solutions were 
allowed to cool, so that the hydrolysate could be quantitatively 
freed, by filtration, from the solid fat and the larger humin 
particles. The filtrate and washings from each carcass digest 
were made to a volume of 250 ec. and the hydrolysate and washings 
from each pelt were made to a volume of 200 cc. with distilled 
water. The individual hydrolysates were next subjected to a 
quantitative analysis for cystine by the iodometric titration 
method developed by Virtue and Lewis (19) for urine and applied 
more recently by Virtue and Beard (20) to whole rats. After the 
completion of the analytical work on these animals fed the ‘“‘eys- 
tine-free”’ diet, Graff, Maculla, and Graff (21) described a modified 
cuprous oxide cystine method (16) applicable to tissues. This 
made possible the checking of the cystine values obtained in 
control groups of animals (see below) by two methods, the 1odo- 
metric technique and the cuprous oxide procedure. Satisfactory 
agreement was obtained in the analytical values yielded by 
these two methods.? 

It is of course realized that by both these methods not only 
cystine but probably also any other substance of a sulfhydryl 
nature or substances which yield sulfhydryl under the reducing 
action of the zine employed in the analytical methods will be 
determined. For example, homocysteine or homocystine, which 
might be formed in the metabolism of methionine and deposited 
in the body tissues, would probably be included in the deter- 
minations conducted. Moreover, the iodometric method may be 
greatly influenced by the presence of other reducing substances 
in tissues, although the technique devised by Virtue and Lewis 
(19) has diminished the significance of this source of error. De- 
spite these valid objections, the good agreement between the 
cystine values found by the two methods of analysis in the in- 
stances in which both procedures were employed leads to the 
belief that the magnitude of the analytical error attributable to 


§ Graff, Maculla, and Graff (21) present a choice of a total nitrogen or a 
total sulfur determination on the thoroughly washed cysteine cuprous 
mercaptide precipitate. In the present experiments total nitrogen was 
determined by the micro-Kjeldahl procedure. 
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non-specificity of chemical reactions involved is not great. The 
most logical criticism involves the interpretation of the results. 
It is undoubtedly more logical to consider the analytical values 
as representing total sulfhydryl rather than total cystine, even 
though the latter amino acid represents the major portion of the 
total sulfhydryl of the organism.‘ 

Control animals were needed in order to estimate the average 
cystine content of weanling rats per gm. of body weight; from 
the latter value it is possible to calculate the approximate cystine 
content of each animal in the experimental group at the start 
of the feeding period. For this purpose, six 21 day-old rats, 
from six different litters, were selected, having body weights close 
to those of the experimental animals at the beginning of the 
feeding period. ‘These six animals were immediately sacrificed 
and analyzed by the same method which was employed for the 
experimental group. Furthermore, as already discussed, six 
additional 21 day-old rats were analyzed by the method of Graff, 
Maculla, and Graff (21) for comparative purposes. 


Results 


The results of the analyses of the control animals are given 
in Table I. ‘The data show that the cystine content of the young 
rat per gm. of body weight may be quite variable. Furthermore, 
differences in total body concentration of this amino acid are 
largely due to variations in the pelt values. Extreme divergence 
of values is seen in Rats 119 and 124; the other ten rats yielded 
figures closer to the average. Inasmuch as the cystine content 
of the pelt reflects the condition of the fur and the quantity of 
fur present, and since this in turn depends on the nutritional 
and developmental status of the animal, it is not surprising that 
such a variability exists in the values obtained for the cystine 
content, per gm. of body weight, of immature animals of different 
sizes and from different litters. As already noted, there is satis- 
factory agreement between the cystine values obtained by the 
method of Virtue and Lewis (19) and those resulting from the 
application of the Graff, Maculla, and Graff (21) method of 
cystine analysis. 


‘ In the form of cystine, cysteine, and glutathione, either free or in the 
body proteins. 
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The data obtained on the twelve experimental animals are 
summarized in Table I]. It is of interest to note the good growth 
exhibited by the animals ingesting the diet which was essentially 
devoid of cystine. The growth of these animals, therefore, on 
the diet containing the cystine-free hydrolysate affords confir- 
mation of growth studies (13) on diets known to be cystine-free 
by virtue of the purity of the individual amino acids fed. 


TABLE | 
Cystine Content of Rats at Weaning 


| Cy Cy Total cystine content 
Rat No." | weight Per on | Per | Pe er 

Total | bod Total bod Total | gt 

weight | weight 
gm. | mg. mg. mg. mg. mg. mg. 

119 44 60.6 1.38 43.8 1.00 104.4 2.38 
120 43 78.0 1.81 37.8 0.88 115.8 2.69 
121 39 69.4 1.78 35.6 0.91 105.0 2.69 
ie | 61.3 1.98 43.8 1.07 125.0 3.05 
123 41 80.8 1.97 34.0 0.83 114.8 2.80 
124 49 130.0 2.66 43.8 0.89 173.8 3.55 
125 40 56.2 1.40 39.2 0.98 95.4 2.38 
126 45 72.6 1.61 43.5 0.96 116.1 2.57 
127 42 90.8 2.16 49.2 1.17 140.0 3.43 
128 37 83 .6 2.53 39.8 1.07 123.4 3.60 
eee 77.2 1.93 30.3 0.82 107.5 | 2.75 
130 | 44 | 85.8 | 1.95 | 37.8 | 0.86 | 123.6 | 2.81 
1.93 | 0.95 | 2.89 


* Cystine analyses on Rats 119 to 124 were conducted by the method of 
Virtue and Lewis (19); Rats 125 to 130, by the method of Graff, Maculla, 
and Graff (21). 


The total cystine intake values of the experimental animals 
were calculated by multiplying the number of days the diet 
was consumed by the maximum possible daily intake of this 
amino acid in the vitamin supplement (7.e., 1.40 mg. of cystine 
per day). The initial cystine content values were obtained by 
multiplying the initial body weights by the average cystine per 
gm. of body weight present in control animals (Table I). The 
final cystine values were obtained by analyses of the rats. The 
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minimum cystine synthesis could then be calculated by subtracting 
the sum of the total initial body cystine content plus total cystine 
intake from the total quantity of this amino acid present in the 
animals at the end of the experimental period. 

It is interesting that all of the animals except one deposited 
significantly more cystine than could be accounted for on the 
basis of that present in the rats at the start of the feeding period 
and that which might possibly have been fed preformed in the 


TABLE II 


Cystine Content and Extent of Cystine Synthesis in Rats Ingesting 
Cystine-Low Diet 


bb 

Weight of 5 Initial ti | sas & 

i = Es 
ro) ~ +.§ 
gm. | gm. days | mg. | mg. | mg mg mg. | mg mg. mg. mg. 


106 46 «152, 40) 56 89s «133 196.8 107.5 304 | 189 | 115 
37 | 151.2, 92.0 243 | 168 | 75 

118 | 184.4, 117.0 301 | 174 | 127 

41 | 124 154.0 104.0 258 | 183 | 75 
| 229.6 116.0 336 | 201 | 135 


108 | 41 134 40 | 56 | 79 | 

109 | 43 | 114 42 | 59 | 83 | 

M1) 135) 41 57 | 97 

112 50 146 40 97 47144 | 209.6 110.0 320 | 200 | 120 

113 | 49 | 113 | 42 | 59 05, 46 141 166.4 103.0 269 | 200 
| 


bo 


69 

| | 42 | 59 | 45 | 186 | 112.8 87.0 200] 195 | 5 
115 | 53 | 122} 41 | | 50 | 152 | 178.3) 119.5) 298 | 209 | 89 
116 | 42 | 1385 44 | 61 | 81) 40 | 121 | 164.5) 111.0) 276) 182 | 94 
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117 | 40 | 125) 44 61 77) 38 | 115 | 139.0 122.0, 261 | 176 
118} 52/128 40 | 56 100 49 | 149 | 182.0 117.0 299 | 205 


Vitamin supplement. Rat 114, which grew very poorly, was an 
exception. The other animals each deposited an average of more 
than 2 mg. of cystine daily in excess of the amount ingested with 
the diet. This quantity must have been synthesized from non- 
cystine precursors. Additional evidence is thus provided that 
cystine is not a dietary essential for the albino rat provided 
enough of the cystine precursor, or possible precursors, is available. 
These experiments, viewed in the light of the results of other 
investigations and present day information, may be interpreted 
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as direct proof of the transformation of methionine to cystine 
in the living organism. 


SUMMARY 


1. Cystine was quantitatively removed from a casein hydrol- 
vsate by precipitation as cysteine cuprous mercaptide. 

2. This hydrolysate served as the principal source of nitrogen 
in a diet which was adequate in all other respects. The only 
possible dietary source of cystine was the vitamin supplement. 
The organic sulfur content of the latter supplement, calculated 
as cystine, permitted a maximum total cystine intake of 1.4 mg. 
daily. 

3. The diet was capable of producing a fair rate of growth in 
young rats. Furthermore, analyses of the animals revealed that 
young rats restricted to this diet over a period of approximately 
6 weeks usually deposited a quantity of cystine which was con- 
siderably in excess of the amount present at the start of the 
experiment plus the small amount possibly present in the vitamin 
supplement. 

4. It is confirmed that cystine per se is not a dietary essential, 
but may be synthesized from methionine. 
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THE METABOLISM OF SULFUR 
XXVI. THE METABOLISM OF THE BETAINE OF CYSTINE 


By PONG C. JEN anp HOWARD B. LEWIS 


(From the Department of Biological Chemistry, Medical School, University 
of Michigan, Ann Arbor) 


(Received for publication, October 20, 1938) 


Little is known of the metabolic behavior of the completely 
| methylated derivatives of the amino acids, the betaines, so widely 
distributed in the tissues of plants and of invertebrate animals 
(1,2). The a-betaines, of most common occurrence in nature, are 
usually stated to be physiologically inactive and to be excreted 
unchanged in the urine when administered to the higher animals 
(1-3). Kohlrauseh (3), although he accepted this conception of 
physiological inertness, suggested that after oral administration 
of the betaine of glycine to rabbits, partial demethylation oc- 
curred and trimethylamine was excreted in the urine. The con- 
version by partial demethylation of betaine to sarcosine as a 
precursor of creatine has also been suggested (4), although the 
experimental evidence in support of such a conversion is hardly 
convincing. The hypothesis that the betaines escape extensive 
metabolic change is based chiefly upon their isolation from the 
urine, a procedure fraught with difficulty and hardly quantitative. 

The betaine of cystine has recently been synthesized (5) and is 
available for metabolic study. It is known that the sulfur of 
N-substituted derivatives of cystine is not oxidized to sulfate and 
excreted in the urine as readily as is the sulfur of cystine (6-9). 
Since the amino group of cystine is blocked by methyl groups in 
the cystine betaine, if cystine betaine were not demethylated, it 
would be anticipated that after its administration, the sulfur would 
escape oxidation, and that the sulfur of cystine betaine would con- 
stitute a part of the organic sulfur of the urine. If, on the other 
hand, any extensive demethylation occurred, as suggested by 
| Kohlrausch, the sulfur of the demethylated derivative might be 
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expected to be oxidized and to appear in the urine in the sulfate 
sulfur fraction. 

If partial demethylation of cystine betaine occurred biologically, 
a reaction analogous to the suggested conversion of the betaine of 
glycine to creatine, the formation of N , N’-dimethyleystine should 
result. The biological behavior of this cystine derivative has not 
been extensively investigated, since its synthesis has presented 
difficulties (10). If the theory that N-monomethylamino acids 
are converted to the corresponding a-keto or a-hydroxy acids is 
correct (11, 12), N,N’-dimethyleystine should be readily oxidized 
and utilized. The N-methyl derivatives of homocystine and 
methionine have been shown to promote growth of the young 
white rat, when added to a diet known to be deficient in its content 
of total sulfur-containing amino acids and low in cystine (13). 
Amino-N-methyltryptophane (14) and amino-N-methylhistidine 
(15) can be utilized for growth by the young white rat, replacing 
tryptophane and histidine respectively.! 

In view of these considerations, a study of the metabolic be- 
havior of cystine betaine has been undertaken. The presence of 
sulfur in the molecule has made possible a method of approach to 
the study of the behavior of the betaines, other than that of the 
isolation of the compound under investigation from the urine. 
The distribution of urinary sulfur after oral and parenteral ad- 
ministration of cystine betaine to the rabbit has been studied. In 
view of the results obtained with N-methyl derivatives of homo- 
cystine and methionine (13), the utilization of cystine betaine for 
the promotion of growth of the young white rat was investigated. 
No indications that the betaine of cystine undergoes significant 
metabolic changes in the organism of these two species were ob- 
tained. 

Oxidation of Sulfur of the Betaine of Cystine—The general pro- 


1 It is, of course, not permissible to assume, without direct experimental 
proof, that the a-hydroxy or a-keto derivatives of the naturally occurring 
amino acids all follow similar metabolic paths. These derivatives of 
cystine are difficult to prepare in a state sufficiently pure for convincing 
metabolic study. Similarly, not all the amino-N-methyl! derivatives of 
the amino acids show the same biological behavior. In contrast to the 
a-N-methy! .derivatives of tryptophane, histidine, and methionine, a- 
monomethyllysine failed to replace lysine for purposes of growth in the 
organism of the white rat (16). 
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cedure and analytical methods were those commonly employed in 
this laboratory in similar studies of the oxidation of sulfur com- 
pounds (17). Adult male rabbits weighing approximately 3 
kilos served as experimental animals. In order to afford a basis 
for comparison between the metabolic behavior of cystine and its 
betaine, the oxidation of the sulfur of cystine was also studied in 
control experiments with each animal. 

The eystine was prepared from hair, and the betaine of cystine 
according to the procedure of Schubert (5). The specifie rotation 
of the Lcystine (1 per cent solution in N hydrochloric acid) meas- 
ured at 25° and with the use of the sodium flame was —210°. 
Both the cystine and the betaine of cystine were shown to be of 
satisfactory purity by analyses for nitrogen and sulfur. 

The readily soluble betaine was administered in aqueous solu- 
tion, while the less soluble cystine was converted to the sodium 
salt by dissolving in the theoretical amount of a solution of sodium 
carbonate. Both compounds were fed or injected in amounts 
equivalent to 0.333 gm. of sulfur. 

The results are summarized in Table I. The extra sulfur as 
here presented was obtained by subtracting the average daily 
urinary sulfur excretions of the control fore and after periods from 
the sulfur excretions of the various experimental periods. The 
extra sulfur was also calculated by subtracting the ‘“‘predicted’’ 
sulfur values from the amounts excreted on the days the various 
experimental substances were administered. The average N:S 
and N:SO,8 ratios of the urines of the control days were deter- 
mined. On the basis of these ratios, the predicted sulfur excre- 
tions were obtained by dividing the nitrogen values of the experi- 
mental days by the appropriate ratio. In this method of calcula- 
tion, any extra sulfur which might result from a general increase 
of protein metabolism associated with an increased nitrogen ex- 
cretion is taken into consideration. In previous studies of sulfur 
metabolism, we have occasionally observed a stimulation of tissue 
catabolism and an associated increase in the elimination of both 
nitrogen and sulfur. No such increased catabolism was observed 
in the present series and the extra sulfur values caleulated by the 
two methods were in good agreement. For example, the extra 
sulfur values of Experiment E-1, caleulated from the predicted 
sulfur values, were 0.22 and 0.157 gm. (total and sulfate sulfur re- 
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100 Metabolism of Cystine Betaine 
spectively), which may be compared with the corresponding values 
of 0.226 and 0.150 gm. calculated from the average normal urinary 
sulfur excretion. Similar values for Experiment F-7 were 0.300 
and 0.018 gm. respectively, as compared with 0.313 and 0.030 gm. 
The data require little comment. After parenteral administra- 
tion, the sulfur of the betaine of cystine was not oxidized and 
excreted in the urine as sulfate sulfur, since the extra sulfur of the 
urine consisted in large part of organic sulfur. Thus, only 5 and 


TABLE | 


Distribution of Extra Sulfur in Urine Excreted in 24 Hour Period 
Immediately Following Administration of l-Cystine and the 
Betaine of l-Cystine 


Extra sulfur values are expressed as per cent of the total sulfur adminis- | 
tered, the figures in parentheses showing the percentage distribution of | 
the extra sulfur between sulfate and organic sulfur. The sulfur content of 
the compounds fed was, in all cases, 0.333 gm. The letters of the experiment 
number are used to designate the individual experimental animals, while 
the numeral refers to the number of the experiment. All experiments 
bearing the same letter were carried out with the same animal. 


Experi- | Extra sulfur excreted 


ment Compounds fed | 
| Total Sulfate | Organic | 

E-1 | Oral L-Cystine 67.6 47.7 (71) (29) 
F-5 o 74 55 (74) | 19 (26) 
E-4 | Subcutaneous 76 52  ~=(69) | 24 (31) 
F-8 93.4 66 (72) | 27.4 (28) 
E-2 | Oral Cystine betaine | 61.5 19.2 (31) | 42.3 (69) 
F-6 82.5 27 (33) | 55.5 (67) 
E-3 | Subcutaneous | ry 7 82 | 4.5 (5) | 77.4 (95) 
F-7 | 9 5.4 6) | 84.6 (94) 


6 per cent of the extra sulfur were excreted as sulfate sulfur after 
subcutaneous injection of the betaine, percentages which may be 
contrasted with 69 and 72 per cent of the extra sulfur excreted 
as urinary sulfate sulfur when cystine was injected similarly into 
the same animals. These results are comparable to those pre- 
viously obtained by one of us (L.) in studies with a-phenylureido- 
cystine (6) and dibenzoyleystine (8) and indicate that blocking 
the amino group by complete methylation results in a failure of 
the oxidation of the sulfur of the cystine derivative to sulfate 
sulfur. 
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In experiments in which the betaine was fed, there was observed 
some increase in the excretion of sulfate sulfur, an increase which 
is believed to be greater than the error of the experimental pro- 
cedure and to represent oxidation of part of the betaine sulfur. 
We have discussed previously the possible modification of the 
metabolic behavior of cystine and related sulfur derivatives (18) 
by the microflora of the intestine. This effect of the microflora 
has recently been the subject of direct experimental study (19). 
We have observed similar slight increases in the excretion of sul- 
fate sulfur after oral administration of substituted derivatives of 


TABLE II 


Food Consumption and Increase in Weight of Rats Fed Basal (Cystine- 
Deficient) Diets Supplemented by Cystine and Betaine of Cystine 
(Litter 3) 


The animals of Group V1 were females; the other animals, males. The 
experimental feeding period was of 42 days duration. 


| Food | we; 
Rat No. Supplement to basal diet average 
daily Average Per 100 
daily gm. food 
gm gm. gm. gm. 
lV 3214 | Cystine 4.8 63 1.38 29.0 
3212 Betaine of cystine 4.8 63 0.37 7.6 
V 3225 Cystine 5.2 67 1.37 21.0 
3226 " 5.2 67 1.22 23.8 
3327 Betaine of cystine 5.3 69 0.27 5.2 
VI 3237 Cystine 5.2 62 1.19 23.8 
3333 Betaine of cystine 5.2 69 0.21 3.9 
3338 ee 5.2 | 6 | 0.35 | 6.9 


cystine (6,8). The greater part of the extra sulfur in the present 
series, as in the previous experiments, is to be found in the organic 
sulfur fraction of the urine. 

Availability of Betaine of Cystine for Growth of Young White Rats 
—-Young rats in litter units were fed a basal diet low in its content 
of cystine for a period of 14 days. The diet of White (20) was 
modified to contain 5 per cent instead of 6 per cent of casein 
(Labeo brand, vitamin-free) and 1 per cent of agar. Water- 
soluble and fat-soluble vitamins were supplied by the separate 
administration of dried brewers’ yeast (approximately 400 mg.) 
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and cod liver oil (3 drops) daily. During this preliminary period, 
the animals either failed to gain or showed slight increases in 
weight. After the preliminary feeding period, the animals were 
divided into two groups and the paired feeding method em- 
ployed. One group received cystine as a supplement (0.5 per 
cent); a second group received the betaine of cystine in amounts 
equivalent in sulfur content to 0.5 per cent of cystine. With one 
litter, a third group was continued on the basal diet also.  Ex- 
periments with three litters, which included twelve rats on the 
diet containing the betaine and ten rats on the diet containing the 
cystine supplement, were conducted over a period of 42 days. The 
results were uniform and may be illustrated by the detailed presen- 
tation of the data fora single litter (Table 11). The animals which 
received supplementary cystine showed good growth responses, 
while their litter mates which received the betaine of cystine as a 
supplement in place of cystine failed to grow satisfactorily, the 
rate of growth being similar to that of animals to whose diet (basal) 
no supplement was added. It is evident that the betaine of cys- 
tine is not adequate for the promotion of growth when used as a 
supplement to a diet known to be low in its content of cystine. 
These results are comparable to those of Jackson (21) who sup- 
plemented a diet deficient in its content of tryptophane with the 
betaine of this essential amino acid. 


SUMMARY 


1. After the subcutaneous injection of the betaine of /-cystine 
into rabbits, a study of the distribution of the extra sulfur of urine 
did not indicate any oxidation of the sulfur of this cystine deriva- 
tive, since the extra sulfur observed was present in the organic 
sulfur fraction. The slight increase in oxidized (sulfate) sulfur 
of the urine observed after oral administration of cystine betaine 
is believed to be the result of the activity of the microflora of the 
intestine, which yields products capable of being oxidized to sul- 
fate. 

2. Cystine betaine did not function as did cystine in the pro- 
motion of growth of young white rats fed a basal diet low in its 
content of cystine. 

3. These results are consistent with the generally accepted be- 
lief that the completely methylated derivatives of the a-amino 
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acids, the a-betaines, are not readily broken down and utilized in 
the metabolism of the higher animals. 
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ON THE UNION OF THE NUCLEOTIDES IN RIBO- 
NUCLEIC ACID 


By R. STUART TIPSON anp P. A. LEVENE 
(From the Laboratories of The Rockefeller Institute for Medical Research, 
New York) 
(Received for publication, October 21, 1938) 


Bredereck and Richter! have announced their discovery of a 
new product of partial hydrolysis of ribonucleic acid, namely, 
“guanine-uridylic acid,” having the following structure. 


N==C-OH 


H H H H OC CH 


HO- H,C—C—C—C—C—N—CH 


| 
O OH 
HN—CO 
| 
C—NH 
/ || 
HO O CH 
Vi 
N—C——-N 


The extreme importance of a substance of this structure (in the 
theory of the mode of union of the individual nucleotides in the 
tetranucleotide molecule) induced us to repeat the experiments 
of the above writers, particularly since in one respect their formula- 
tion is in disagreement with the observation of Levene and Jacobs? 
that the primary amino groups of the purine and pyrimidine bases 
are not substituted in the tetranucleotide. On the basis of this 
observation there can be no P—-N union in the ease of cytidine nor, 


! Bredereck, H., and Richter, G., Ber. chem. Ges., 69, 1129 (1936). 
? Levene, P. A., and Jacobs, W. A., Ber. chem. Ges., 43, 3160 (1910). 
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perhaps, in the case of uridine. It also seemed to us peculiar that a 
substance of this alleged composition was not obtainable by Bred- 
ereck and Richter in crystalline form. 

Following the directions of these authors we were able to obtain 
substances having an elementary composition approaching that 
of the substances described by them, as shown in Table I. 

It can be seen that all these substances have a composition 
approaching the theoretical for guanino-uridylic acid, but not one 
is in complete agreement with the theory. An absolutely pure 
substance could searcely be expected, when the methods of prepara- 
tion and the properties to be expected of guanino-uridylic acid 
are taken into consideration. 

In agreement with the statement of Bredereck and Richter, the 
substance forms no precipitate with an ammoniacal solution of 


Composition of Various Samples of “Guanine-Uridylic Acid’’ 
C1,4HisOsN;P, calculated. .| 36.75) 3.53) 21.44. 6.79 
Bredereck and Richter... 37.20 4.10 21.61 6.61 


Tipson and Levene... .. 36.04 4.32, 21.79 6.71 541 
36.00) 4.16] 21.76 6.46 531 
36.15} 4.08] 23.00} 6.65 562 


......| 85.14] 4.22) 21.92) 6.65 804, 1937-38 


silver nitrate. In disagreement with these authors, our substances 
gave in Van Slyke’s apparatus an amount of nitrogen equivalent 
to about 20 per cent of the total nitrogen. 

Contrary to what is to be expected from guanino-uridylic acid, 
our substances always showed a strong orcinol test and, on hy- 
drolysis, a strong reduction of Fehling’s solution. These results 
showed that the substances obtained by the procedure of Breder- 
eck and Richter are more complex than was assumed by these 
authors. 

A more detailed analysis of their composition was therefore 
made. In Table II are given the results of the analysis of four 
samples, representing four stages of reprecipitation of one parent 


substance. 
It can be seen from these results that all the samples contained 
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derivatives of purine nucleosides in a very considerable proportion. 
From the sugar and purine contents it also follows that the pro- 
portion of purine bases exceeds that of the ribose and hence the 
samples should contain uncombined purine bases which, however, 
in the complex mixture are not precipitable by ammoniacal silver 
solution. Indeed, a sample insoluble in water at 70° (having the 
composition, C 37.14, H 3.93, N 34.10, P 2.8 per cent) gave a 
heavy precipitate with an ammoniacal silver solution. On the 
other hand, a sample (No. 608) having the composition C 37.20, 
H 4.41, N 24.4, and P 6.25 gave no precipitate, thus showing that 
the purine nucleotides may inhibit the precipitability of purine 
bases by ammoniacal silver solution. 


TaBLe II 
Composition of ‘‘Guanine-Uridylic Acid’’ after Successive Reprecipitation 


| | | | | Purine | Pyrimi- | Ratio of | 
sub- sub- | purine | 
| | stance stance | N | | 
| per cent percent per cent | percent) per cent| per cent per cent | per cent 
540 | 34.64! 4.19 | 21.50/16.70| 17.0 | 3.3 | 19.4] 17 | 
{ | 
559 | 35.85 | 4.09 | 23.65 | 6.59 | 19 | 
606 | 36.71 | 4.35 | 22.46 | 6.44 17.0 | 2.8 16.5 25 
{ 
612 | 36.01 | 4.06 | 21.47 | 6.46 | 19.3*| 2.2* | 11.3%!) 26 3.72T 


* Substance dried to constant weight (100° at 12 mm.). 
+t About 20 per cent of the total N. 


Sample 612 is one of several on which an amino nitrogen estima- 
tion was made in Van Slyke’s apparatus, shaking being continued 
for 30 minutes as required for guanosine. 

It was further shown that the purines are present both in the 
form of free nucleosides and as nucleotides, for, from a sample 
(No. 541) having the composition C 36.04, H 4.32, N 21.79, and 
P 6.71, both guanosine and barium salts of purine nucleotides 
could be isolated directly without preliminary hydrolysis. The 


guanosine was obtained in crude form only, but there was no doubt 
as to its presence in the mixture. 
Attempts to obtain material free from purine nucleosides by 
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more numerous reprecipitations (by the method of Bredereck and 
Richter) were unsuccessful, notwithstanding the large quantities 
of starting material employed (over 3 kilos of nucleic acid). Not 
infrequently, when the procedures were repeated, the substances 
with N = 21 per cent yielded material with over 23 per cent of 
nitrogen, although the values for C, H, and P showed compara- 
tively little change. 

Thus no sufficient evidence has as yet been furnished in support 
of the view that the individual nucleotides are linked through 
P—N linkages in ribonucleic acid. 


EXPERIMENTAL 


Preparation of Material—The hydrolysis of the yeast nucleic 
acid was carried out exactly according to the directions given by 
Bredereck and Richter.! Lots of 100 gm. each were used for in- 
dividual experiments. The fractions designated by Bredereck 
and Richter ‘‘guanine-uridylic acid,” obtained from several ex- 
periments, were combined for further purification. 

Methods of Analysts—C, H, N, and P determinations were 
made by the micromethods as commonly practiced in this labora- 
tory by Dr. A. Elek. 

Amino nitrogen estimation was made by the micro-Van Slyke 
method. Inasmuch as the operation lasted 30 minutes, a correc- 
tion for the blank experiment was used. 

Purine nitrogen estimation was made in the following way: The 
material was hydrolyzed for 4 hours with 2 per cent sulfurie acid 
(100 ml. for 1 gm.). The purine bases were then precipitated with 
silver sulfate. The precipitate was decomposed by means of 
dilute hydrochloric acid and a Kjeldahl nitrogen estimation made 
on an aliquot part of the filtrate. 

Pyrimidine nitrogen was calculated by difference (total N minus 
purine N). 

Ribose was estimated by the Hagedorn-Jensen-Hanes method. 
The reagent was standardized by means of pure d-ribose. 

The analytical results are given in Tables Land Il. In order to 
save space the details are given below for one sample only; namely, 
Sample 612 of 1937-38, obtained after four reprecipitations. 
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6.278 mg. substance: 8.290 mg. CO; and 2.280 mg. H,O0 


0.100 gm. ” : 15.34 gm. 0.1 N HCl 
5.079 mg. 22.600 mg. ammonium phosphomolybdate 
13.300 : 0.90 ce. Nz (758 mm. at 26°) 


Found. C 36.01, H 4.06, N 21.47, P 6.46, amino N 3.72 


0.5 gm. of substance was hydrolyzed over a free flame with a 
reflux condenser with 50 ec. of 2 per cent H2SO, for 4 hours. The 
purine bases were precipitated with silver sulfate, the precipitate 
decomposed with HCl, neutralized, and the solution diluted to 
150 ec., 30 ec. of which contained N 19.23 mg. Hence the total 
purine N = 96.2, pyrimidine N (107.4 — 96.2) = 11.2 mg. 
Purine N to pyrimidine N = ca.9:1. The filtrate from the purine 
bases, after removal of silver ions, was used for ribose estimation. 
Found, 0.13 gm. or 26 per cent. 

Fractionation of “Guanine-Uridylic Acid’ —6.5 gm. of the sub- 
stance (Sample 541, 1937-38) were suspended in 120 ec. of water, 
ammonia water was added with constant stirring until all the 
material dissolved, and the solution was then acidulated by means 
of acetic acid, the temperature of the solution being maintained 
at +5”. 

Neutral lead acetate was now added to the solution. Only a 
slight turbidity formed, which was removed by centrifuging with 
the centrifuge tubes cooled in solid carbon dioxide-acetone mixture. 
A second precipitate formed on addition of more neutral lead ace- 
tate. 

This precipitate was washed with ice-cold water and suspended 
in water to which a suspension of barium carbonate was added. 
Hydrogen sulfide was then passed through the suspension and the 
lead sulfide was removed by filtration. On standing, a granular 
precipitate of barium salt formed in the filtrate (Sample 586, 
1937-38). It contained no barium phosphate or other mineral 
salts of phosphoric acid. On concentration of the mother liquor 
under diminished pressure (the temperature of the water bath not 
exceeding 35°) a second granular precipitate of barium salt formed. 
Both precipitates gave a strong orcinol test (characteristic for 
pentoses, purine nucleosides and nucleotides, but not for the 
pyrimidine derivatives). Both displayed strong reducing power 
towards Fehling’s solution only after hydrolysis. 
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The substance (Sample 586) had the following composition: 
N 17.17, P 6.10, Ba 18.00. 

Ribose estimation was performed in the same manner as in the 
previous experiment. The product of hydrolysis of 0.180 gm. of 
the substance, after removal of purine bases and silver ions and 
neutralization, was brought to a volume of 15 ml. which con- 
sumed 125 ml. of 0.01 N NasSeO; (1 cc. equivalent to 0.3 mg. of 
ribose). Total ribose = ca. 20 per cent of the barium salt. 

The filtrate from the lead precipitate, on addition of basic lead 
acetate and ammonia, gave a second lead salt, which was freed 
from lead in the usual way and, on concentration, the solution 
from lead sulfide gave a gelatinous precipitate having the appear- 
ance and usual properties of crude guanosine. It contained a 
considerable proportion of mineral matter but no phosphoric acid 
ions or conjugated phosphoric acid. Calculated for dry, ash-free 
substance, the nitrogen content was 24 per cent. (Guanosine, 
calculated N = 24.73 percent.) There was not sufficient material 
to permit of its further purification. 
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IODINE IN PITUITARY AND SOME OTHER TISSUES 


By EMIL J. BAUMANN ann NANNETTE METZGER 
(From the Laboratory Division, Montefiore Hospital, New York) 
(Received for publication, September 24, 1938) 


As long ago as 1886 Rogowitsch (1) found thyroidectomy caused 
enlargement of the anterior pituitary and increased production of 
colloid by the cells of the anterior lobe. From these findings 
he suggested that in thyroid deficiency the hypophysis might act 
vicariously for the thyroid. Structural resemblgnces between 
the pars intermedia and thyroid had been recognized even earlier, 
especially the presence of colloid material in follicular spaces 
of the pars intermedia similar to that in the thyroid. And since 
then, hypertrophy of the pituitary and alterations in its histo- 
logical appearance have been seen repeatedly in myxedema and 
other conditions of thyroid deficiency. In fact the interrelation of 
these two organs has been the subject of hundreds of reports in 
the last decade, and, while the simple idea of Rogowitsch is no 
longer held, there is no question that increased thyroid secretion 
will cause the hypophysis to grow smaller and lack of thyroid 
function will cause its enlargement. Investigators have conse- 
quently been led to look for an accumulation of iodine in the 
pituitary as evidence of a direct action of thyroid secretion on 
this gland. 

Many attempts were made before 1910 to detect iodine in 
pituitaries of man (autopsy material), of cattle, and in the glands 
of thyroidectomized sheep, and these were mostly unsuccessful. 
The best method available at that time could not detect less than 
1 part in 100,000. The more modern techniques are capable 
of detecting 1 part in 100,000,000 and with these methods the 
subject has been studied again, for the hypothesis that the thyroid 
acts directly on the pituitary is an attractive one and there is 
much evidence to support it. Some of the values found for 
iodine of various pituitary preparations with the more modern 
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methods follow: Closs (2), 80 to 190 micrograms per 100 gm. of 
dried beef pituitary, 40 times the amount in blood; Ruff (3), 
400 to 600 micrograms per 100 gm. of dried beef pituitary, 100 
times the amount in blood, and similar concentrations in dried 
pituitary of pig, sheep, and guinea pig; Sturm and Schneeberg 
(4), 490 micrograms per 100 gm. of fresh dog pituitary; Neufeld 
(5), 14 micrograms per 100 gm. of dried beef pituitary; while Ohta | 
(6) could find none in rabbit pituitary. Schittenhelm and Eisler 
(7) found 36 to 70 micrograms per 100 gm. of fresh rabbit dien- | 
cephalon and Noether (8) reported 1.34 mg. per 100 gm. of fresh 
colloid from the pars intermedia of beef pituitary. In human : 
pituitaries, Sturm and Buchholtz (9) found 80 micrograms per | 
100 gm. and Koppenhoffer (10) reports as much as 13 micrograms 
of iodine in a single human pituitary. However, he found no 
iodine in a few pituitaries from patients dying of complications 
of pregnancy or from certain liver diseases. 

The great variability of these observations prompted us, : 
in view of our experience with iodine analysis of foods and tissues, 
to examine this subject with methods that have been used in 
this laboratory. Most of the analyses reported here were made 
with the slightly modified distillation method of Fashena and 
Trevorrow (11). Because charges of only 10 to 20 gm. can be 
used in this procedure, it is seriously limited in its application to 
the estimation of iodine in tissues, at least for amounts normally 
present. When iodine concentrations are very low and large 
amounts of material (25 to 50 gm. or more) are obtainable, our 
closed combustion method (12) is preferred for a first burning 
and the products of this combustion are then distilled as described 
in 1937. By either of these methods, 0.1 microgram of iodine 
(equivalent to about 0.005 ec. of 0.001 N thiosulfate) is definitely 
detectable. The smallest volume of thiosulfate we regard as 
significant for titration is 0.010 cc. Results obtained by these 
very different processes, that is by distillation (11) and by com- 
bustion (12), agree as shown in Table I. 

In Table II will be found the iodine estimations of six pooled 
specimens of parts of eighteen human pituitaries (the remaining 
portions were used for histological examinations). In no instance 
was there a history of iodine medication and no iodine could be 
detected in the glands. In 40.5 gm. of beef pituitary only 0.7 
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microgram per 100 gm. of fresh tissue was found, while in about 
0.2 gm. of pituitary colloid, which Noether (8) had found to 
contain more than 1 mg. per cent, no iodine could be found. 

In Table III] are given analyses of parts of single pituitaries 
from cases in which there was a history of iodine medication in 
the last month of life and in three of these iodine was readily 


TABLE I 
Detection of Iodine by Distillation or Combustion 


Titration, 
_ Amount > Process | 0.001 N Calculated per 100 gm. 
| thiosulfate 
gm. ce. cc. 
Ox pituitary 15 Distillation 0 Limit of detectability 
«40.5 Combustion 0.015 0.040 
Rabbit blood | 15 Distillation 0.006 0.040 
40 Combustion 0.020 0.050 
Alfalfa I 4 Distillation 0.026 0.65 
25 Combustion 0.157 0.63 
" II 5.5 | Distillation 0.020 0.36 
23 Combustion 0.074 0.32 
TABLE II 
Iodine of Pooled Pituitaries 
Glands | Weight I; per 100 gm. 
gm. micrograms 
2, human 0.80 <13 
3, 0.90 <1l 
4, 1.11 <9 
3, 0.88 <1l 
3, 4 0.74 <14 
3, = 1.36 <7 
Beef 40.5 0.7 
‘¢ pituitary colloid 0.2 < 50 


shown to be present in fairly large amounts. 
three no iodine could be detected. 
For comparison spleen, kidney, testis, and ovary of cattle, 


In the remaining 


sheep, and hogs were analyzed. The analyses shown in Table 
IV were all made in duplicate on 20 gm. samples, except in two 
analyses of lamb ovaries in which the charges were 5 gm. and 
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15 gm. Some of the lamb ovaries were infantile, while others 
contained ripe follicles but no corpora lutea. There appears to 
be no significant difference, however, between the iodine content 
of the infantile and maturing lamb ovaries. 

The blood iodine of a laboratory sheep, 8 or 10 years old, fed 
on alfalfa, oats, and lawn grass, was 4 micrograms per cent, while 


TABLE III 


lodine in Human Pituitaries 


I; per 100 gm. 
Wet | Dry | 
| gm. | micrograms | micrograms 
15-30 cc. cod liver oil daily for 1 yr. 
| | | before death 
1 _ 1 dose KI 2 days before death 
604 | 0.30 | <33 | _KI3 wks. before death 
368 660 Dressed with iodoform sponge in 
| | | last wk. of life 
80 | 390 | Same 
40 190 100 mg. KI daily for last 2 mos. of 
| | | | 
TABLE IV 
Iodine Content of Tissues in Micrograms per 100 Gm. 
Spleen Kidney | Testis | Ovary 
Pig 2 I | 0.6 
Beef 0.5 | 0.5 0.6 2 
1 | 4 2 
Sheep 0.3 | 4 0.5 | 5 
| 2 1 | 6 
| 1 2 0.7 


that of a young sheep fed on alfalfa and oats was 1.2 micrograms 
per cent. Blood of four normal rabbits on our stock diet of 
alfalfa and oats and occasional greens was analyzed and because 
the diet was low in iodine, 40 cc. samples were used. The values 
found were 0.9, 1.1, 1.1, and 1.2 micrograms per cent. 

According to our analyses, pituitary contains no more iodine 
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than ovary, testis, kidney, spleen, or blood. Apparent high 
concentrations of iodine may be due to administration of iodine, 
a conclusion Wells arrived at in 1910 (13) with the much less 
sensitive means of determining iodine then in use, or to the 
presence of important amounts of partly oxidized organic matter 
in the final stage of the analysis. 
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THE DETERMINATION OF SPINAL FLUID PROTEIN 
WITH THE PHOTOELECTRIC COLORIMETER 


By JOSEPH M. LOONEY anp ANNA I. WALSH 


(From the Memorial Foundation for Neuro-Endocrine Research and the 
Laboratories of the Worcester State Hospital, Worcester) 


(Received for publication, October 11, 1938) 


The methods used for the determination of the protein content 
of the spinal fluid are still far from satisfactory. The micro- 
Kjeldahl determination on the protein precipitated by tungstiec 
acid or trichloroacetic acid gives accurate results in fluids con- 
taining large amounts of protein, but in those with small amounts 
the precipitation and separation of the proteins present many diffi- 
culties. The amount of precipitate is too small to allow for wash- 
ing without danger of considerable loss in manipulation and unless 
the precipitate is washed the inclusion of some of the non-protein 
compounds of the spinal fluids would result in high values. 

The turbidimetric method of Denis and Ayer (1) as modified by 
Ayer, Dailey, and Fremont-Smith (2) is also subject to many er- 
rors. The size of the particles and therefore the light absorption 
can be greatly altered by the slight differences in the amount of 
agitation or the rate at which the solutions are added. The 
matching of the solutions in the colorimeter also presents some 
difficulty, especially for dilute solutions. 

Finally the range over which the solutions can be read with an 
acceptable degree of accuracy is rather limited because of the 
tendency of the more concentrated solutions to settle out, and 
this necessitates a repetition of the test after the sample is diluted. 

These difficulties have been overcome by the method herein 
described. The difficulty in reading the solutions in the usual 
colorimeter have been avoided by the use of the photoelectric 
colorimeter.' By adding a protective colloid the colloidal sus- 


1 We have used the Lange photoelectric colorimeter, but any reliable 
instrument can be adapted to the method. 
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pension of the precipitate has been stabilized so that solutions 
containing as much as 150 mg. of protein can be prepared without 
danger of the material settling out. As a matter of fact, it is no 
longer essential to read the solutions within 5 to 30 minutes after 
they have been prepared, as they will remain stable almost in- 
definitely. Readings of triplicate samples taken 30 minutes and 
30 hours after preparation gave identical results in a series of six- 
teen specimens. The protective colloid that is added is the gum 
ghatti introduced by Folin (3) for blood sugar determinations, and 
later used by Looney (4) for the stabilizing of nesslerized solutions 
of ammonia. 

For the determination 2 ml. of spinal fluid are placed in a small 
test-tube and 0.5 ml. of 2 per cent gum ghatti solution is added. 
To this mixture 2.5 ml. of 5 per cent sulfosalicylie acid are added, 
and the contents of the tube well mixed by rapidly inverting the 
tube five or six times. When the procedure is properly carried 
out, there should be no frothing or foaming in the tube. After 
standing for 5 to 10 minutes the tubes can be read in the photoelec- 
tric colorimeter at any time up to 24 hours. 

A calibration curve, such as is shown in Fig. 1, must be pre- 
pared by diluting a standard solution of blood serum to various 
concentrations, and obtaining the percentage of light absorption 
in the photoelectric colorimeter. Spinal fluids containing from 
5.0 to 150.0 mg. can be read directly, but more concentrated fluids 
should be diluted before precipitation. The greatest accuracy is 
obtained when the protein content is less than 75 mg., at which 
point the slope of the curve begins to flatten out. : 

For the standard, pooled serum is diluted 10 times with 15 per 
cent sodium chloride and filtered. The total nitrogen is deter- 
mined in an aliquot of this diluted serum containing about 40 to 
50 mg. of nitrogen. The non-protein nitrogen of the original 
serum is determined by the method of Folin and Wu (5) and one- 
tenth of this value subtracted from the total to obtain the protein 
nitrogen. The value thus obtained times 6.25 gives the protein 
content of the standard. 7 

The curve in Fig. 1 was prepared from the readings given by 
two separate standard stock solutions. Each point represents 
the mean of three determinations. The value in the triangle at 
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30 mg. of protein was given by the standard used in the spinal 
fluid laboratory of the Massachusetts General Hospital. 

The precision of the method was tested by determining the pro- 
tein content of twenty split spinal fluid samples sent to the lab- 
oratory under different names. In sixteen of the twenty samples 
the difference was 1.0 mg. or less. The mean difference between 
the duplicates was 1.2 mg. with a standard deviation of 0.39 mg. 

In Table I the values obtained on the same spinal fluids by the 
three different methods are given. For the micro-Kjeldahl 
method only those values were used in which the duplicate analy- 
ses showed good agreement. The new method gave only random 
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Fic. 1. Spinal fluid protein 


variation from these results, yielding a mean difference of approxi- 
mately 0.7 mg. The determinations by the Ayer, Dailey, and 
Fremont-Smith method were made in the spinal fluid laboratory 
of the Massachusetts General Hospital. The figures for the last 
eight fluids were from split samples sent to the laboratories under 
different names. It will be noted that for most cases the figures 
for the new method run higher than those for the Ayer method, 
the average value being about 3.3 mg. more. However, the 
values for the two fluids with abnormally high protein content are 
lower by the new method, and in one of these a micro-Kjeldahl 
determination gave good ugreement with the new method. In 
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120 Spinal Fluid Protein 
TABLE I 
Comparison of Spinal Fluid Protein by Different Methods 
Micro-Kjeldah|* Looney-Walsh Ayer- Dailey-Fremont-Smith 
reat > 100 raat § 100 = east 100 mg. per 100 ml. | mg. per 100 ml. 
49.0 49.0 47.0 | 
26.0 24.0 21.2 | 
63.0 60.0 66.8 
15.0 15.0 15.0 | 
150.0 152.0 152.0 | 
44.0 45.0 43.0 | 
33.0 34.0 38.0 | 
44.0 41.0 40.0 | 
37.0 36.0 36.0 | 
43.0 45.0 43.0 
31.0 30.0 25.0 
32.8 33 .0 32.0 
53.0 54.0 52.0 
34.0 33.0 31.0 
52.0 54.0 51.0 
177.5 | 180.0 200.0 
| 31.0 25.0 
| 29.2 21.0 
| 34.5 26.0 
| 35.0 | | 29.0 
| 24.0 | 16.0 
4.5 | | 21.0 
19.0 | 14.0 
21.5 | «19.0 
20.2 | | 22.0 
| 3.0 
27.2 | 25.0 
31.0 32.0 27 .0 26.0 
19.0 -19.0 18.0 
33 .6t 31.0 | 20.0 21.0 
| | 120 
| | 110.0 | 109.0 115.0 120 117.0 
21.2 19.0 | 19.0 


* In this table only those values were used which were consistent in a 
series of forty duplicate analyses. 
t This value is in fair agreement with the value obtained by the new 


method. 
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another sample, in whic: there was a rather large difference be- 
tween the values obtained by the two methods, an analysis by the 
Kjeldahl method in duplicate gave a fair agreement with the 
higher value obtained by the new method. That the difference 
between the results by the two methods was not due to variations 
in the standards used was shown by the fact that a determination 
of their standard by our method gave exactly the same value which 
they used, 30 mg. per 100 ml. | 


SUMMARY 


A method for the determination of spinal fluid protein with the 
photoelectric colorimeter is described. ‘The precipitation of pro- 
tein by sulfosalicylic acid was made in the presence of gum ghatti 
and yielded a stable colloidal suspension which did not change for 
30 hours. Concentrations of proteins from 5.0 to 150.0 mg. can 
be read without dilution. 


We wish to acknowledge our indebtedness to Dr. W. L. Holt 
and the spinal fluid laboratory of the Massachusetts General 
Hospital for valuable assistance. 


BIBLIOGRAPHY 


1. Denis, W., and Ayer, J. B., Arch. Int. Med., 20, 436 (1920). 

2. Ayer, J. B., Dailey, M. E., and Fremont-Smith, F., Arch. Neurol. and 
Psychiat., 26, 1038 (1931). 

3. Folin, O., J. Biol. Chem., TT, 421 (1928). 

4. Looney, J. M., J. Biol. Chem., 88, 189 (1930). 

5. Folin, O., and Wu, H., J. Biol. Chem., 38, 81 (1919). 


= 
4 
> 
# 
x 
#3 
we 
Boe 
He 
re 
1 
; 


4 
i 
3 
“4 


NOTE ON THE PREPARATION AND PROPERTIES OF 
HEMOGLOBIN 


By A. M. ALTSCHUL, A. E. SIDWELL, Jr., ano 
T. R. HOGNESS 


(From the George Herbert Jones Chemical Laboratory of the University of 
Chicago, Chicago) 


(Received for publication, October 17, 1938) 


In a previous investigation (1) of the equilibrium between 
oxygen and human hemoglobin it was found that the per cent 
oxygenation at equal oxygen pressures was very much greater 
for those preparations which had been purified by an alumina 
cream treatment than for whole blood or for the product not 
treated in this way. Since it was our purpose to do some ex- 
tended work on this equilibrium, we were led to a study of the 
various methods of preparing this substance and, if possible, to 
a determination of the factors which give rise to the decreased 
oxygenating capacity. 

The usual criteria of purity, as for example, the ratio of carbon 
monoxide to dry weight or iron content (2), or the determination 
of the per cent methemoglobin present, were found quite un- 
suitable for our purpose. ‘Two samples, which within the limits 
of experimental error were alike in the above respects, might 
show a big difference in oxygen saturation. We, therefore, 
adopted the percentage oxygenation at a given pressure under 
controlled conditions of temperature and pH as that criterion 
which would give consistent results. 

The existing evidence indicates that foreign substances present 
in a hemoglobin solution tend to lower the percentage oxygenation. 
Thus Hill and Wolvekamp (3) have shown that intact red blood 
' corpuscle suspensions show a lower percentage oxygenation than 
blood solutions. Sidwell, Munch, Barron, and Hogness (1) have 
demonstrated the depressing effect of salts on the per cent oxy- 
hemoglobin existing under a given partial pressure of oxygen. 
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We have therefore assumed that a solution which gives the 
maximum percentage oxygenation at a given oxygen pressure 
is purer than solutions which give lower percentages. By the 
use of this criterion we have been able to determine the efficacy 
of various methods of purification and select the one which con- 
sistently gives the purest hemoglobin. 


Method 


The percentage saturation was determined spectroscopically as 
described by Sidwell, Munch, Barron, and Hogness (1). A 
change in design of the tonometer cells (Stotz, Sidwell, and 
Hogness (4), and Altschul and Hogness (5)) made it possible 
to make the determinations with only 3 ec. of solution. 

Preparation of Hemoglobin Solutions—-All of the operations 
involved in the following preparations were carried out in a cold 
room at a temperature between 0° and 3°. 

A. Hemoglobin Solution—The horse blood which was used in 
the preparation was allowed to settle and the erythrocytes were 
concentrated by decantation. 250 ce. of this suspension of blood 
cells were washed four times with equal volumes of 0.95 per cent 
NaCl solution. The suspension, after centrifugation, was treated 
with 100 ce. of water and 50 ce. of toluene and shaken. After 
standing a few hours, the solution was centrifuged and the upper 
fatty layer removed. This treatment was repeated by again 
adding 50 cc. of toluene and centrifuging. The solution was 
then dialyzed in a cellophane sac against oxygen-saturated dis- 
tilled water which was kept flowing continuously for 48 hours. 
After dialysis, the solution was centrifuged and filtered through 
a G 5/3 Jena sintered glass filter. 

B. Crystallized Hemoglobin Solution—-The cells were crystallized 
according to a modification of the method of Heidelberger (6). 
300 ec. of red cells, washed as above, were treated with 100 ce. 
of toluene and 50 ce. of water. A mixture of 4 parts of carbon 
dioxide to 1 part of oxygen was passed through the thick sus- 
pension for about 4 hour. The vessel was stoppered and left 
undisturbed overnight to effect crystallization. This process 
was complete in about 24 hours. After the crystals were centri- 
fuged, the fatty layer was removed and the crystals washed once 
with cold water. A minimum of saturated sodium carbonate 
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solution was used to redissolve the crystals. This solution was 
then centrifuged and dialyzed in a cellophane sac against water 
through which a mixture of 4 parts of carbon dioxide and 1 part 
of oxygen was passed. Crystals formed in a few hours. These 
crystals were again washed and redissolved in sodium carbonate 
solution, and dialyzed for 48 hours against oxygen-saturated 
water. As in Preparation A, the final salt-free solution was 
centrifuged and filtered through a glass filter. 

C. Alumina Cream-Treated Solution—The red cells were treated 
as in Preparation A. After two washings with toluene, the 
solution was treated with 0.5 volume of y-aluminum hydroxide 
suspension prepared according to the method of Willstaétter and 
Kraut (7). The mixture was shaken, centrifuged, and set to 
dialyze against oxygen-saturated water for 48 hours. When 
the dialysis was completed, the solution was again treated with 
aluminum hydroxide suspension, centrifuged, and finally filtered 
through the sintered glass funnel. 

Effect of pH—-In order to compare the activity of the three 
products, it was necessary to correct for any difference of pH 
of the different solutions. This was done by determining the 
effect of pH on the percentage saturation of Preparation C 
(pressure of Og = 1 mm.) and comparing Preparation C with 
either A or B at the same pH. The hydrogen ion activity was 
varied by titrating the dialyzed hemoglobin solution with either 
0.025 n HCl or 0.025 N NaOH. Thus the amount of salt intro- 
duced was insufficient to affect appreciably the per cent saturation. 

The pH curve for Preparation C (Fig. 1) shows no minimum 
such as was obtained by an extrapolation by Rona and YIppé 
(8) and by Ferry and Green (9) on hemoglobin solutions prepared 
by other methods. 

Comparison of Methods of Preparation—Table I shows the 
relative saturation of solutions of hemoglobin compared with 
the aluminum hydroxide-treated material. Inasmuch as all the 
solutions were salt-free, tested at the same temperature (25°), 
and compared at the same pH, the only factor giving rise to the 
observed differences must be the state of purity of the hemo- 
globin, as we have defined it. 

From Table I it is obvious that the best of the three methods 
involves adsorption with aluminum hydroxide. It was found 
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that crystallization previous to an aluminum hydroxide adsorption 
did not give a better product. 

Nature of Substances Removed by Alumina Cream Treatment— 
In order to determine the nature of the substances removed by 
adsorption, a chromatographic analysis (10) was made of a 
dialyzed blood solution on a column packed with aluminum oxide. 


90F p(0,) -Imm. 
T- 25°C. 

70+ 
60Fr 
50+ 
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PERCENT SATURATION 


90 85 &0 75 70 65 60 55 
pH 


Fic. 1. Effect of pH on per cent oxygenation of hemoglobin (Prepara- 
tion C). 


TABLE 
Comparison of Methods of Purification 


(om parative satura- 
Preparation tion (Oe pressure = 
1 mm.) 


C. Aluminum hydroxide-treated solution............. l 
B. Solution from crystallized hemoglobin. .. ST 0 
A. Hemoglobin solution, fat-free............. 0 


30 


Two zones of color, both red, were seen after long washing with 
distilled water. This indicates that one colored constituent of 
the blood was more firmly adsorbed than the other. A similar 
observation was made with the alumina cream as the adsorbent. 
A dialyzed blood solution was treated with y-aluminum hydroxide 
and centrifuged. The precipitate, colored deep red, was washed 
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five times with distilled water. A considerable amount of color 
was removed by the washings. After the fifth washing, the wash 
water had practically no color, although the alumina precipitate 
was still colored pink. The colored substance was then eluted 
either with neutral phosphate buffer solution or a basic elution 
mixture used in the purification of yellow ferment (11). Prac- 
tically all the color was removed by this treatment. 

The eluate thus obtained had some activity when tested for 
“free”? oxygen content, although the ratio of oxygen content to 
dry weight indicated that a considerable amount of the colored 
substance present was either inactive hemoglobin (12) or methem- 
oglobin. Both the visible and ultraviolet spectra of this 
eluate showed the characteristic peaks of hemoglobin. Upon 
dialysis against oxygen-saturated water, a brownish precipitate 


TABLE II 
Effect of Impurities on Percentage Saturation of Hemoglobin with Oxygen 


| Comparative satura- 


Type of solution tion pressure = 
| 1 mm.) 
Hemoglobin + albumin (4.5 mg. albumin per cc.).... . 0.8 
+ sucrose (0.36 gm. sucrose per cc.)..... 0.94 
- + urea (0.37 gm. urea per cc.)........... 0 
- + eluate (1 mg. eluate per cc.).......... | 0.7 


settled out. It was impossible to obtain a value for the per- 
centage saturation with oxygen for the clear filtrate, inasmuch as 
the removal of oxygen from the solution by washing with nitrogen 
caused decomposition and methemoglobin formation, and rendered 
it impossible by subsequent addition of oxygen to bring the 
substance back to its original state. 

Effect of Impurities on Percentage Oxygenation—A number of 
different substances were added to purified hemoglobin (Prepara- 
tion C) to determine their effects on the percentage oxygenation. 
The results represented in Fig. 1 were used in adjusting the pH 
values so that all comparative data could be given for the same 
pH (Table II). 

We also determined spectrophotometrically the amount of methe- 
moglobin in solution and found that this substance, up to about 
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40 per cent of the total hemoglobin, has little effect on the per- 
centage saturation of the ferrous form provided that the amount of 
methemoglobin is constant for the duration of the determination. 

All other impurities lower the percentage oxygenation. The 
eluate apparently contains some substance which has a specific 
effect on the saturation value. 

We have confirmed the statement of Steinhardt (13) that 
hemoglobin dissolved in 6 M urea still shows the bands of reduced 
hemoglobin and oxyhemoglobin. This solution, however, acts 
similarly to the eluate described above, in that it decomposes 
when washed with nitrogen gas in the process of removing oxygen. 


DISCUSSION 


For a partial pressure of oxygen equal to 5 mm., a pH of 7.0, 
and at 25°, 81 per cent saturation has been obtained. This is 
the same value that was obtained by Sidwell, Munch, Barron, 
and Hogness (1) for human hemoglobin prepared by treatment 
with alumina cream and determined under identical conditions. 
In this respect horse and human hemoglobin are alike. Oxy- 
hemoglobin crystals obtained from horse blood after the alumina 
cream treatment took the form of long thin needles, while those 
obtained from the solution without this treatment were in the 
form of plates. No attempt was made to determine the crystal- 
lographic axes, nor have we attempted to obtain crystals from 
human blood treated in this way. 

The fact that two distinct layers were obtained on the Tswett 
column suggests the possibility of two forms of hemoglobin (14). 
In the presence of air these two layers when eluted with phosphate 
buffer were identical spectroscopically. Unfortunately we were 
not able to determine the capacity of the upper layer to take up 
oxygen. When the oxygen was removed from the eluted solution 
by gentle washing with nitrogen, the hemoglobin underwent a 
rapid irreversible change. We were unable to determine whether 
the top layer on the column was a different form of hemoglobin 
or merely hemoglobin adsorbed by or together with some other 
substance. 

The question may be raised as to how we are to define pure 
hemoglobin. In the erythrocytes, hemoglobin is either in a 
different form from that obtained by our method of preparation 
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(C) or it is associated with some other substance. From the 
biological point of view hemoglobin, as it exists in the cell, is of 
greater significance, while from the chemical view-point, this 
“purified” form may very probably be of greater interest. 


SUMMARY 


1. Purification of horse hemoglobin by adsorption on y-alu- 
minum hydroxide has been shown to yield samples of hemoglobin 
which give the highest percentage saturation with oxygen. 

2. The effect of pH on the percentage saturation at 1 mm. of 
oxygen pressure has been determined for the range of pH 5.5 to 
8.7. No minimum has een observed in that range. 

3. The effect of various substances upon the percentage 
saturation has been determined. 

4. The possibility of the existence of two forms of hemoglobin 
is considered in the discussion of the experimental results. 
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STUDIES ON THE MERCAPTURIC ACID SYNTHESIS 
IN ANIMALS 


X. GLUTATHIONE IN RELATION TO GROWTH OF RATS ON A 
LOW CASEIN DIET WHICH CONTAINED BROMOBENZENE 
AND NAPHTHALENE* 


By JAKOB A. STEKOL 
(From the Department of Chemistry, Fordham University, New York) 


(Received for publication, September 8, 1938) 


In Paper VIII of this series (1) we reported that in contrast 
to l-eystine and dl-methionine glutathione does not augment the 
synthesis of mercapturic acids in the rat. Data were also ob- 
tained to indicate that the cysteine and the acetyl group of the 
mercapturic acids were not derived necessarily from glutathione 
(1). These results offered no evidence that cystine or cysteine 
is liberated from glutathione during metabolism in the rat. 

Dyer and du Vigneaud (2) reported results which indicated 
the possibility that cystine or cysteine may be liberated from 
glutathione during metabolism, inasmuch as cystine-deficient rats 
resumed growing when glutathione was administered to them 
either orally or sub cutem. We felt, therefore, that the ingestion 
of naphthalene and bromobenzene might possibly modify the 
normal metabolism of glutathione in the rat in such a way as to 
prevent the liberation from it of cystine or cysteine. Should this 
be true, it would then account perhaps for the inefficiency of 
glutathione in augmenting the synthesis of mercapturic acids in 
the rat. On the other hand, the demonstration that glutathione, 
when added to a diet which contained bromobenzene or naph- 
thalene, promptly overcomes the deficiency in rats induced by 
these hydrocarbons would strongly suggest that the metabolic 
behavior of glutathione in the rat is not altered by the presence 


* This paper was presented before the meeting of the American Society 
of Biological Chemists at Baltimore, April, 1938. 
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of bromobenzene or naphthalene in the diet. Such astudy would 
offer support to the inference that the growth-promoting power of 
glutathione, under the experimental conditions, is not necessarily 
due to the liberation from the tripeptide of cystine or cysteine 
during metabolism. 

Indeed, Dyer and du Vigneaud (2) have pointed out “‘that the 
question still obtains in these studies, as in others of this nature, 
as to whether the utilization of the supplement is due to its con- 
version in the body to the deficient factor or is only a matter of 
a sparing action for the small amount of cystine or methionine 
which is present in the diet, a question so amply discussed by 
Jackson and Block [(3)]. From this standpoint a sparing action 
of the glutathione in this particular study could mean that the 
supplement might be used as such without hydrolysis for certain 
purposes, and that the small amount of cystine and methionine 
in the diet thus spared might serve for the synthesis of new protein 
in the tissues and for other anabolic purposes.”’ 

A study of the utilization of glutathione by the rat on a low 
casein diet which contained bromobenzene or naphthalene was 
therefore undertaken. In every case it was found that glutathione 
supported the growth of rats under these conditions. 

In the light of our previous data (1) which indicated the failure 
of glutathione to augment the synthesis of mercapturic acids, 
the results reported below suggest the utilization of the tripeptide 
by the rat without necessarily a preliminary hydrolysis of glu- 
tathione to yield cystine or cysteine. In this connection it is 
of interest to note that the administration of bromobenzene (4) 
or naphthalene (5) to animals leads to a marked decrease in 
glutathione content of certain tissues, particularly that of the 
liver and the eye lens. Inasmuch as no evidence was obtained 
to indicate the direct utilization of glutathione for detoxication 
purposes to yield mercapturic acids (1), the reports mentioned 
above (4, 5) suggest that the utilization of cysteine for the detoxi- 
cation purposes, particularly the formation of mereapturic acids, 
may lead to a diminished elaboration of glutathione in the tissues. 
The depleted stores of glutathione in the tissues of deficient 
animals may be restored by the administration of cystine, cysteine, 
methionine, or glutathione, the latter being utilized by the animal 
apparently without hydrolysis to yield cystine or cysteine. A 
study of the relationship between the glutathione content of the 
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tissues of animals which received bromobenzene or naphthalene 
and the dietary glutathione of these animals might perhaps yield 
information of value to this problem. 

From the foregoing discussion it does not follow by any means 
that the decrease in the glutathione content of the tissues of ani- 
mals which were fed bromobenzene or naphthalene is the only 
possible change which is induced by the hydrocarbons in the 
organism. Neither do our data exclude the possibility of cleavage 
of glutathione into its constituent amino acids under certain 
other conditions. Although certain enzymatic studies in vitro 
(6) indicated that no appreciable amount of cysteine can be 
liberated from glutathione in the intestinal tract, it has been 
shown recently that the isolated kidney of the rat splits the tri- 
peptide to yield cystine, glutamic acid, and glycine (7). 


EXPERIMENTAL 


The diet which we used (originally devised by White and Jack- 
son (8)) had the following percentage composition: casein' 6, 
salt mixture (Osborne and Mendel (9)) 4, corn-starch 50, sucrose 
15, Crisco 25. In addition, each rat received 400 mg. of yeast 
powder (Northwestern Yeast Company) and 100 mg. of cod 
liver oil daily. ‘This diet is referred to in Table I as Diet C-6. 
Glutathione and [-cystine were administered either mixed with 
food or separately from the diet incorporated in the yeast and cod 
liver oil supplement which was fed in two equal portions 6 hours 
apart. ‘The general procedure of the experiments was the same 
as that used previously (8, 10). The data shown in Table I 
are representative of the experiments obtained with two litters 
of albino rats which were 26 days old. 

The glutathione and cystine were analytically pure. Bromo- 
benzene was redistilled and naphthalene resublimed before use. 

The data in Table I show that the growth of rats which were 
maintained on Diet C-6 was checked when bromobenzene or 
naphthalene was incorporated in the diet, and was resumed upon 
the administration of glutathione to rats which received the 
supplemented diet. The effectiveness of glutathione in promoting 
the growth of rats was apparently the same as that of an equivalent 
amount of /-cystine. 

It will be observed from Table I that the rat required consider- 


1 Casein 453, Casein Company of America, Inc. 
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TABLE I 
Effect of Glutathione and Cystine on Growth of Rats on Diet C-6 Which 
Contained Bromobenzene or Naphthalene 
The data for each rat are representative of experiments with four animals. 


and | Per 100° Per 100) per gain 
—_ diet iet het | day | Ties | day | day 

mg. mg. mg. | mg. | mg. | mg. | gm. | gm. | gm. 

1000 | | | —2| 14 

1000 320 | | 5.8 | 7 | +19 | 27 

1000 | 5.2 | 96; -5 | 14 

169; 8) +7 

1000 | 6.0; 98} -5 10 

1000 | 120 | 7.8 | 98 | +81] 10 

1000 32 | 

27 9 | 5.38 | 52 +34 54 

1000 | | 5.0 | 8] 14 

1000 320 | | 6.0 | 81 | +23 | 27 

1000 | | 5.3 | 104 | —11 | 14 

1000 32 | «6.4 93 | +17 | 20 

1000 | 12 | 6.7 | 110 | +16 | 20 

| | 6.8 | 126 | +13 | 14 

28 | 5.0 | 52 | +26] 54 

250 | 5.0 | 78 | —10 | 14 

250 | 320 6.0 | 68 | +25 | 27 

500 | 320 @i 

500 120 | 5.6 | 85 0] 14 

500 240 | 6.7 | 85 | +13 | 14 

500 | 640 6.9 | 98 | +12 | 14 

500 64 7.2 | 110 | +16 | 14 

500 24 | 7.4 | 126 | +14] 14 

29 | 5.1 | 48 | +32 | 54 

250 43} 75 | -3 14 

250 | 320 5.7 | 72 | +21 | 27 

250 32 6.2; 93 | +17 | 14 

250 12 | 6.2 | 110 | +16 | 14 

500 | 320 6.0 | 126 0 | 14 

500 | 640 6.9 | 12 | +10 | 14 

500 | 320 6.5 | 14 

34 6.9 | 54 |+4+100 | 122 


ably more glutathione or cystine to overcome the deficiency 
induced by 0.5 per cent naphthalene in the diet than to overcome 
that induced by 1.0 per cent bromobenzene in the same diet, 
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Several possibilities may account for this observation, a few of 
which may be mentioned. As we reported previously (1), the 
efficiency of the rat to detoxicate naphthalene or bromobenzene 
varies inversely with the concentration of the hydrocarbons in 
the diet. Assuming that the relative toxicity of the two hydro- 
carbons to the rat is the same, it 1s possible that more mercapturic 
acid is synthesized by the rat from 0.5 per cent naphthalene in the 
diet than from 1.0 per cent of bromobenzene in the same diet. It 
is conceivable also that under comparable dietary conditions 
more organic sulfur is utilized by the rat to detoxicate naphthalene 
than is involved in the detoxication of an equivalent amount of 
bromobenzene. ‘The detoxication product which involves a loss 
of organic sulfur to the rat may not be necessarily mercapturic 
acid exclusively. That the mereapturic acid which is excreted 
in the urine does not represent the entire amount of the acid 
which was synthesized by the rat from naphthalene is a possibility 
which also cannot be dismissed a prior?. It is possible that the 
mercapturic acid, once synthesized by the rat, undergoes further 
catabolic changes and is excreted in the urine in a form which 
is not measurable by the method for the determination of mer- 
eapturic acids in urine. Earlier workers have considered the 
possibility of oxidation of mereapturic acids in the animal body. 
Sherwin and coworkers (11) presented data to show that p-bromo- 
phenylmercapturic acid is oxidized to a certain extent in the 
organism of the rabbit and the dog to yield ethereal sulfates and 
inorganic sulfates. Coombs and Hele in experiments with dogs 
and pigs (12) could not, however, confirm this claim. Considera- 
tion of the structural differences of mercapturic acids and the 
corresponding ethereal sulfates precludes the possibility of direct 
oxidation of the former into the latter. K6nig’s studies in vitro 
(13) suggest that mercapturic acids on oxidation may yield cor- 
responding sulfonic acids. Further work along these lines seems 
necessary. 


SUMMARY 


1. The growth of rats is checked when bromobenzene or naph- 
thalene is added to a diet and is resumed when glutathione or an 
equivalent amount of cystine is fed in addition to the supple- 
mented diet. 

2. In the light of our previous studies on the role of glutathione 
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in the synthesis of mercapturic acids in the rat, the present data 
seem to indicate that the promotion of growth by glutathione in 
the rat is not necessarily due to the liberation from the tripeptide 
of cystine or cysteine, but perhaps is a result of the utilization of 
glutathione as such and of the sparing action of the tripeptide 
on that dietary cystine and methionine which are used by the 
rat for the synthesis of new protein in the tissues and for other 
anabolic purposes. 
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THE INFRA-RED ABSORPTION SPECTRA OF AMINO 
ACIDS 


By NORMAN WRIGHT 
(From the Department of Physics, University of Michigan, Ann Arbor) 


(Received for publication, September 8, 1938) 


Studies of molecular structure through the medium of infra- 
red spectroscopy become less productive as the type of molecule 
under consideration becomes more complex. This method of 
attack cannot be expected to yield very extensive information in 
the case of molecules possessing the complexity (large size and 
lack of symmetry) of the amino acids. Definite knowledge of a 
more restricted sort, however, can very often be obtained through 
interpretation of special features of the spectra of such compounds. 
For example, the behavior of absorption bands which can be 
ascribed to certain subgroups of atoms such as the carbonyl, 
hydroxyl, or amino group can sometimes be correlated with the 
structure surrounding these groups. Again, mere differences in 
spectra can under certain circumstances furnish conclusive evi- 
dence that compound formation between molecules has taken 
place. 

Very little attention has been given to the amino acids by work- 
ers in the field of infra-red spectroscopy. Heintz (1) has observed 
the spectra of a few amino acids in the range from 1 to9 uw. The 
spectra of the stereoisomers of cystine in the range from 3 to 24 u 
have been recorded by Wright (2). In view of the importance of 
the amino acids from a biological standpoint it appeared worth 
while to extend the investigation to a larger number of compounds 
of this class both to record the infra-red spectra, as physical proper- 
ties, and to obtain structural information. 

The infra-red spectrograph (3, 4) and the method of operation 
were those used in the earlier investigation (2). Samples were 
observed in the form of thin, uniform layers of the finely powdered 
crystals, containing about 1 mg. per sq. em. of layer area. The 
method of producing a layer was to allow the powder to settle out 
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of absolute aleohol upon a plate of crystalline KBr. The alcohol 
was then removed by evaporation. 

The amino acid samples with the exception of serine and the 
glutamic acid isomers were obtained from the Eastman labora- 
tories, Hoffmann-La Roche, and the University of Illinois. Sam- 
ples of the glutamic acids were obtained from Amino Acid Manu- 
factures through the courtesy of Dr. M. 8. Dunn of the University 
of California at Los Angeles. Dr. H. B. Lewis kindly supplied 
samples of l-glutamic acid and dl-serine. 

Tables I and II present the observed spectra in the form of lists 
of the wave numbers of the absorption bands with rough estimates 
of the corresponding intensities expressed as per cent of radiation 
absorbed. 

Comparison of the spectra of the different amino acids brings 
out at once the resemblance which is to be expected from the 
similarity of the compounds. This resemblance of the spectra 
does not, however, extend beyond a general characterization. As 
a matter of noteworthy fact the spectra of the individual amino 
acids are sufficiently different to serve as a means of identifying the 
compounds. 

The spectra recorded in Tables I and II have been arranged 
so that comparisons can be made between the optically active and 
racemic forms of five amino acids. In each case the spectral dif- 
ferences reveal unmistakably that the racemic forms, which have 
been obtained by crystallization from solution, are compounds and 
not mere physical mixtures of the / and d crystals. This will be 
evident from the following statements: The optically active, / and 
d isomers of the same amino acid must have identical infra-red 
spectra, since the molecules and the crystals of one form are mirror 
images of those of the other. A structural difference of this kind 
has no influence either upon the frequencies of mutual vibration 
of the atoms or upon the associated intensities of absorption. A 
mechanical mixture made by pulverizing together equal amounts 
of the land d crystals of the same amino acid therefore has a spec- 
trum identical with that of either form taken separately. These 
facts have been actually demonstrated in the case of the isomers of 
cystine (2). If now the spectrum of the racemic form of an amino 
acid differs in any way from that of the l or d form, it may safely 
be concluded that compound formation has occurred. 
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The differences between the spectra of the racemic and opti- 
cally active forms indicate in each of the observed cases except 
that of alanine that the racemic material is all or practically all 


Wave Numbers 


TABLE [| 


and Intensities of Infra-Red Absorption Bands 


Glycine | l-Alanine dl-Alanine l-Valine dl-Valine l-Leucine dt-Leucine 
2630 | 90 | 3030 90 | 2830) 90 | 2980) 90 | 2930; 90 2930 90 | 2950, 90 
2045 | 10 | 2830 90 | 2680 90 | 2680! 90 | 2580) 90 | 2620 40 | 2560 90 
1587 | 80 2640, 10 | 2146 30 | 2123 50 | 2146) 10 | 2137, 20 | 2188, 50 
1508 | 90 | 2119 30 | 1597, 90 | 1592) 90 | 1605 90 | 1582 90 | 1597) 90 
1397 | 90 1597, 90 1529, 70 | 1520, 90 | 1504 90 | 1508 80 | 1520 90 
1316 | 80 1513, 50 | 1462; 40 | 1404) 80 | 1416, 60 | 1404) 60 | 1416) 70 
1109} 50 1453 50 | 1416 60 | 1335) 70 | 1361) 30 1353, 50 1357) 70 
1028 | 40 1412, 60 | 1361) 70 | 1272 20 | 1319, 70 | 1297 10 | 1302, 60 
912; 70 1361, 70 | 1309 70 | 1186| 30 | 1267) 20 | 1238 10 | 1236) 30 
894 | 60 1304 70 | 1241) 30 | 1142, 30 | 1181, 20 | 1181) 20 | 1181) 10 
699 | 70 | 1236, 30 | 1153; 20 | 1110; 10 | 1132 30 | 1134) 30 | 1136) 40 
609 30 1149 20 | 1114) 60 | 1070, 20 | 1104 10 | 1076) 10 | 1083) 10 
527 50 1111 60 | 1015) 40 | 1032) 30 | 1066) 10 | 1028) 10 | 1036) 20 
60 1014 50 | 919; 40 | 995) 5 1033) 30 998 5) 996) 20 
920 40 | 895) 10 | 950) 20) 20 | 942 10! 942) 10 

894 5 | 851) 80 | 925) 20}; 925) 20| 916) 20; 923) 30 

| 849 70 | 770 40 | 900 30] 889 40 | 844 50, 894 5 
772 40 | 583 5 | 888 820 832) 20| 849) 60. 

648 50 | 647 50 | 849 30 | 776 70) 768) 833) 20 

583, 5 | 546 70 | 826 10| 686 60 704) 775 30 

541 70 | 505) 20 | 775) 40 | 538) 60 | 668) 50 | 716) 10 

| §06} 20 750 10 | 476 649) 685, 70 

| 486 20 715 60 | 430 30 | 534 40, 649 5 

| 664 30 516) 10 | 581) 10 

| 541) 70 445 30 | 537) 70 

| 521 20 

| 445 60 


in the compound form. 


In the case of alanine the spectral differ- 


ences are so slight that they do not preclude the existence of some 
land d crystals in addition to the compound. 
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A curious result was obtained in the case of dl-glutamie acid 
monohydrate: This compound as prepared for infra-red observa- 
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mic |dl-Glutamic | dl-Aspartic 
acid | l Ty rosine | acid 


Wave Numbers and Intensities of Infra-Red Absorption Bands 


di-Serine 
| | 
90 2990 90 
10 2430 10 
10 2146 10 
70 1642 
1570) 
80 | 1504) 
«50 | 1429) 
80 | 1353 
70 1309 
| 50 | 1244) 
| 1174 
| 1091 
1032 
980 
900 
30) 848 
| 10 827 
813) 
(30) «729 
620 
10 | 567 
40 561 
528 
502 40 


tion possesses a spectrum identical to that of /-glutamie acid. 
A possible explanation is that powdering in absolute aleohol de- 
hydrated the compound and left a mixture of the d and / crystals. 


| TABLE II 

cm." em.” | em. cent om." 

3080 90 3030 | 2760 90 | 2990 

2450 90 2530 2137/ 10 | 1647 | 2415 

2165 | 40 2203) 1961) 40 | 1515 | 1961 

‘i 1562 90 | 1605, 1695 60 | 1420 | 1667 | 
1511 | 80 | 1504 | 1572) 90 | 1353 1597 

1412 | 60 | 1412 1462) 70 | 1309 | 1520 

; 1344 10 | 1342 | 1433) 10 | 1244 | 1416 

: 1312| 70 | 1316 1377 1149 | 1309 

1232 | 20 | 1211) 1124 | 1250 

1160 | 40 | 1155 | 1276 1078 70 | 1149 

3 1134 20 1073, | 1247) 1056 1103 | 1119 

4 1076 | 30 | 1035 | 1166 970 20 1042 1080 

1029| 987) | 1139 | 947 40 985 1044 

1002/10 948 | 1075 912 20 939 990 | 
951| 10) 912 | 1022 867, 30 897 935 | 
20 850 912 810 70) 877 899 | 
60 775 861 | 759 10) 841 873 

780 | 20 | 745 | 821 715 60 | 829 837 

747| 70 | | 782 703 40 | 800 776 

701 | 80) 679 743 674 30) 740 753 

683 | 60 607 | 674) 642,10 713MM | 657 | 
604.10 526 | 624 569 10) 651 648 | 
4 527| 80) 475 | 614 | 538 50 | 599 | 
470 | 40 | 512 20) | 554 

| 614 494M 461 

| 467 | 
| 
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An interesting feature of the spectra of the amino acids is the 
behavior of the band due to the vibration of oxygen against carbon 
in the C=O group. In compounds containing the carboxyl group 
other than the amino acids this band generally occurs at a wave- 
length very near 5.9 uw (wave number 1700 em.~!). It will be 
noticed, however, that in the monobasic monocarboxylic amino 
acids here studied this band regularly occurs at about 6.3 yu 
(1590 em.~'). A plausible explanation for this shift is that a 
strong interaction exists between carboxyl and amino groups. 
This is substantiated by the spectra of the dicarboxylic acids, 
aspartic and glutamic acids, which have bands at about 6.0 u 
(1670 cm.~') in addition to the usual bands near 6.3 uw. The 
bands occurring at 6.0 uw very probably have their origin in the 
C=O of the second carboxyl group, which is not closely ap- 
proached by an amino group. 


SUMMARY 


The infra-red absorption spectra of powder layers of nine dif- 
ferent amino acids have been recorded in the range from 3 to 24 u. 

In the case of five of these acids both the racemic form and an 
optically active form have been observed. Differences of these 
spectra have shown that in each case the racemic form, as crystal- 
lized from solution, is a compound, not a mixture of 1 and d erys- 
tals. 

Shifts in the position of the C=O band have indicated a strong 
interaction between carboxyl and amino groups in the crystalline 
amino acids. 
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STUDIES ON BIOLOGICAL OXIDATIONS 


XI. THE METABOLISM OF PYRUVIC ACID BY ANIMAL TISSUES 
AND BACTERIA 
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(From the Lasker Foundation for Medical Research and the Department of 
Medicine of the University of Chicago, Chicago) 
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Pyruvie acid is one of the most reactive substances among those 
of importance in cellular metabolism. When carbohydrate is 
split during fermentation, pyruvic acid is the main end-product 
of the resulting series of phosphorylated oxidation-reductions. 
It thus becomes the immediate source for the formation of both 
lactic acid and alcohol. Pyruvie acid is decarboxylated by yeast; 
it may react with other ketonic acids in a Cannizzaro type reaction 
(dismutation) (Krebs (1)); it may likewise react with amino acids 
with intermolecular transfer of amino groups (Braunshtein and 
Kritsman (2)), the orientation of pyruvic acid metabolism being 
determined by a variety of different factors. 

The oxidation of pyruvic acid by gonococci was studied in 1932 
by Barron and Miller (3) who postulated the existence of an en- 
zyme, a-ketonoxidase, able to catalyze the oxidation of a-ketonic 
acids. Other properties of this enzyme were later studied by 
Barron (4). To distinguish it from a-hydroxyoxidase, the enzyme 
concerned with the oxidation of lactic acid, a number of inhibi- 
tors were found having opposite effects on the two enzymes. 
Krebs and his coworkers (5, 6) challenged this interpretation 
and postulated that the oxidation of a-ketonic acids is not 
brought about by molecular oxygen, but by a dismutation. In 
this paper an endeavor is made to show that pyruvie acid in the 
presence of oxygen is oxidized directly; that the dismutation of 
pyruvic acid observed by a number of authors and confirmed by 
Krebs and his coworkers is a process independent of the oxida- 
tion process. Furthermore, Lipmann’s studies (7) on the action 
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of diphosphothiamine as a catalyst for the oxidation of pyruvic 
acid have been confirmed by experiments with a variety of bacte- 
rial cells and animal tissues. Diphosphothiamine was also found 
to act as a catalyst for the dismutation of pyruvic acid. 


EXPERIMENTAL 


The bacteria were grown in flat medicine bottles: hemolytic 
streptococci on a beef infusion-blood agar medium without glucose, 
gonococci in Miller and Castles’ egg digest medium containing | 
per cent glucose (8), and staphylococci in a medium containing | 
per cent proteose-peptone, 0.3 per cent meat extract, 0.5 per cent 
NaCl, and 3 per cent agar, all dissolved in tap water. The bae- 
teria were washed twice with 0.154 m NaCl; after centrifugation 
they were suspended in the buffer solutions used for the experi- 
ments. The O2 uptake and CO, output were measured with the 
usual Warburg-Barcroft manometers. The pH values of the 
suspensions were measured with the glass electrode. Pyruvic 
acid was determined manometrically by oxidation with ceric sul- 
fate and measurement of the COe output (in strong acid solutions 
(0.1 Mm H2SO,) pyruvic acid is entirely oxidized within 7 minutes). 
Lactic acid was determined manometrically by oxidation with 
a-hydroxyoxidase obtained from a suspension of gonococci in 
0.1 m NaF. (Under these conditions lactic acid is oxidized to 
pyruvic acid: CH;CHOHCOOH + $02 = CH;COCOOH + H,20.) 
Acetic and formic acids were determined by adapting Friede- 
mann’s method (9) to the measurement of small quantities of 
volatile acids. Acetic acid was identified by Kriiger and 
Tschirch’s (10) lanthanum reaction. Thiamine (synthetic) was 
obtained through the courtesy of Merck and Company, Ine. 
Diphosphothiamine was prepared by the method of Lohmann and 
Schuster (11) from fresh beer yeast, obtained through the courtesy 
of the Keeley Brewing Company of Chicago. Diphosphothiamine 
can be differentiated from thiamine with Prebluda and McCol- 
lum’s diazo reagent (12). With this reagent, thiamine gives a 
red-purple color, extractable with isobutyl alcohol. Diuphos- 
phothiamine gives a yellowish brown color when relatively high 
concentrations are used. At lower concentrations, at which 
thiamine gives quite a distinct color (10 to 20 micrograms per cc. 
of solution to be tested), diphosphothiamine gives no visible color. 
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The experiments in which O2, uptake was measured were per- 
formed in phosphate buffers with either air or oxygen as gas phase; 
those in which CO, output was measured were performed in bi- 
earbonate buffer with COe-Ne as gas phase. The Ne-COs gas 
mixtures were freed from traces of oxygen by being passed through 
a | meter Pyrex tube filled with copper pellets and heated to 500°. 

The preparation of the yeast enzyme for the detection and es- 
timation of cocarboxylase was essentially that of Lohmann and 
Schuster (11) with the following modification. Preliminary to 
washing the dried yeast with a disodium phosphate solution, it 
was allowed to stand in distilled water for 20 minutes and then 
centrifuged. The yeast was then washed twice with 0.1 Mm 
NaeH PO, (50 ec. per gm. of dried veast) at 30°, the two washings 
being completed in a total of 12 minutes, including the necessary 
time for centrifugation. After washing again with distilled water, 
the yeast was suspended in M/15 phosphate, pH 6.2. The short- 
ened period of washing with the basic sodium phosphate solution 
was made possible by the preliminary treatment with distilled 
water. The above procedure gave an enzyme preparation which 
was very active for the decarboxylation of pyruvic acid in the 
presence of added cocarboxylase, either natural or synthetic. 
Without the addition of cocarboxylase the enzyme was always 
almost completely devoid of activity. 


Oxidation and Dismutation of Pyruvic Acid by Bacteria 


Gonococct—Barron and Miller (3) found that these bacteria 
possess only two oxidizing enzymes: a-hydroxyoxidase, which 
catalyzes the oxidation of a-hydroxy acids to a-ketonic acids, and 
a-ketonoxidase, which catalyzes the oxidation of pyruvie acid to 
acetic acid and CO». The first reaction is thermodynamically 
reversible (Barron and Hastings (13)); the second is irreversible 
(Barron (4)). In the presence of oxygen both oxidative reactions 
go to completion. Krebs (5) found that in the absence of oxygen 
pyruvic acid was dismuted by gonococci according to the following 
equation. 


2CH;COCOOH + H,0 = CH;CHOHCOOH + CH;COOH + CO, (1) 


We have confirmed Krebs’ experiments. Because of this anaero- 
bie dismutation, Krebs (5) concluded, ‘“‘Pyruvie acid is oxidized in 
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Gronococcus by the anaerobic reaction (1), and the oxygen uptake 
which ensues after addition of pyruvic acid is due to a secondary 
oxidation of the lactic acid formed by reaction (1).”’ 

If the oxidation of pyruvic acid by gonococci proceeds according 
to Krebs’ scheme, the following conditions must be fulfilled: (1) 
The rate of CO, output in the absence of oxygen (optimum con- 
ditions for dismutation) must be greater than the rate of Oz uptake 
in the presence of oxygen; (2) whenever the oxygen uptake in the 
presence of pyruvic acid is inhibited, this must be due to inhibition 
either of the anaerobic reaction (Equation 1) or of the oxidation 
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Fic. 1. Metabolism of pyruvic acid by gonococci. pH 7.02, temperature 
38°, amount of lithium pyruvate 0.01 mm. Curve 1, in air, oxidation as 
measured by the O, uptake. Curve 2, in N;-CO:, dismutation as measured 
by the CO, output. 


of the lactic acid produced in that reaction; (3) any substance 
which inhibits the oxidation of lactic acid must also inhibit pyru- 
vie acid oxidation. 

The rate of O2 uptake by gonococci in the presence of pyruvate 
(oxidation) was greater than the rate of CO, output in the absence 
of oxygen (dismutation), showing that condition (1) was not ful- 
filled (Fig. 1). (Krebs did not measure the rates of CO, produc- 
tion and O2 uptake during the metabolism of pyruvic acid by 
gonococci.) 

NaF has no effect on the oxidation of lactate to pyruvate by 
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gonococci; it inhibits considerably the oxygen uptake of gonococci 
in the presence of pyruvate (Barron (4)). If the metabolism of 
pyruvic acid by gonococci, in the presence of oxygen, is performed 
according to Krebs’ scheme, this inhibiting effect of Nak must 
then be due to inhibition of dismutation. In the absence of oxy- 
gen, the rate of CO, output by gonococci with pyruvate was not 
inhibited by 0.02 m NaF. Indeed, the rate of CO, output was 
slightly greater in the presence of NaF (Fig. 2). Condition (2) 
was therefore not fulfilled. 

H.2S8 inhibits the oxidation of lactic acid by gonococci almost 
completely; it must therefore inhibit the Oz, uptake in the presence 
of pyruvate if Krebs’ scheme is correct. ‘The Og uptake and CO, 
output were measured simultaneously by Warburg’s indirect 
method (14). The bacteria were suspended in 0.2 mM KHePOs,, 
and the O, uptake and CO, output were measured in the presence 
of 0.0015 m H.S at 28°. In 28 minutes the O2 uptake with pyru- 
vate was 93 ¢.mm. and the CO, output, 140¢.mm. The O2 uptake 
with lactate was 1l e.mm. ‘The Oe uptake in these experiments 
with pyruvate as substrate cannot then be due to the oxidation of 
lactic acid formed by dismutation of pyruvic acid, since lactate 
oxidation was considerably suppressed. Obviously, condition (3) 
was not fulfilled. 

Streptococcus hemolyticus--Barron and Jacobs (15) found one 
strain of Streptococcus hemolyticus which oxidized pyruvic acid; 
neither lactic, succinic, acetic, nor formic acid was oxidized. In 
the presence of air, pyruvic acid took up | atom of oxygen and 
produced | mole of CO per mole of pyruvate. On chemical analy- 
sis, there was found 0.01 mM of acetic acid (identified by Kriiger 
and T’schirch’s lanthanum reaction) per 0.01 mM of pyruvate 
oxidized. 

In the absence of oxygen, pyruvic acid was converted into acetic 
acid and formic acid. 


CH;COCOOH + H,O = CH;COOH + HCOOH (2) 


The CO, output in bicarbonate buffer with COe-Ne as the gas 
phase was from 98 to 72 per cent of the theoretical value, caleu- 
lated according to Equation 2. Six experiments were done on 
different days (Table 1). In experiments with phosphate buffer 
and Ne as the gas phase there was an output of 17 e.mm. of CO, 
per 0.01 mm of pyruvate in 180 minutes at 38°. (The origin of 
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this COz, output was not determined.) No hydrogen was given 
off. For the determination of volatile acids, the bacterial suspen- 
sion containing pyruvate with Ne as gas phase was kept rotating 
for 3 hours at 38°; acetic and formic acids were found (Table I). 
Since neither acetic nor formic acid is oxidized by this strain of 
hemolytic streptococci, it is obvious that in these cells the metab- 
olism of pyruvic acid in the presence and the absence of oxygen 


TABLE | 
Anaerobic Metabolism of Pyruvic Acid by Hemolytic Streplococc: 
Analysis of End-Products of Reaction 
Phosphate buffer, pH 7.02 (initial); N» as gas phase; temperature 38°. 


Acid Before incubation After incubation 
mM mM 


Extent of Reaction As Measured by CO, Liberation from Bicarbonate Buffer 

pH 7.02 (initial); gas phase, N.-CO.; temperature 38°; calculated CO, 
output: 1 mole of CO, per mole of pyruvic acid (CH;COCOOH + H,O 
CH;COOH + HCOOH). 


CO: output 


Experiment No. Extent of reaction 

Found Calculated 
¢.mm. | c.mm. per cent 

1 317 440 72 

2 368 418 | SS 

3 208 212 | G8 

4 330 440 | 75 

5 370 421 | 88 

6 301 398 | SS 


follows different paths—-the first giving acetic acid and CQO, as 
end-products, the second giving acetic acid and formic acid as 
end-products. 

Staphylococci—-In his paper on bacterial metabolism of pyruvic 
acid, Krebs found that Staphylococcus aureus oxidized pyruvate 
to about one-sixth of complete oxidation. (The bacteria were 
grown on broth agar.) Sevag and Neuenschwander-Lemmer (16) 
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had previously reported that bouillon cultures of Staphylococcus 
aureus did not oxidize pyruvic acid. Five different strains of 
Staphylococcus aureus, isolated by Dr. T. E. Friedemann and 
kindly given to us by him, all oxidized pyruvic acid further 
than one-sixth of complete oxidation; one of them oxidized it to 
completion and the other four oxidized it readily to three-fifths 
of completion. All of these bacteria oxidized formic acid readily, 
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Fic. 2. Dismutation of pyruvic acid by gonococci. pH 7.02, tempera- 
ture 38°, gas phase N:-CO,. CQO, output: Curve 1, in the presence of 
NaF (0.02 m); Curve 2, control. 

Fic. 3. Metabolism of pyruvic acid by staphylococci in the presence and 
absence of oxygen, as measured by the O, uptake in phosphate buffer with 
air as the gas phase, and the CO, output in bicarbonate buffer with N;-CO, 
as the gas phase. pH 7.02, temperature 38°. In each case a represents 
O, uptake; b, CO, output. Curve 1 represents Staphylococcus aureus; 
Curve 2, Staphylococcus albus. 


the rate of oxidation of acetic acid varying in the different strains. 
Of three strains of Staphylococcus albus studied, two oxidized pyru- 
vate to completion and one to three-fifths of complete oxidation. 
It may be mentioned that all those strains of staphylococci which 
did not oxidize pyruvic acid completely showed a low rate of 
acetate oxidation (Table II). 

In the absence of oxygen there was pyruvic acid dismutation 
according to Krebs’ scheme. The rate of dismutation by the strain 
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of Staphylococcus aureus studied by Krebs (as measured by the CO, 
output in bicarbonate with N»-CO, as gas phase) was greater than 
the rate of oxidation (as measured by the O2 uptake in the presence 


TaBLe II 
Oxidation of Pyruvic, Acetic, and Formic Acids by Staphylococer 
Phosphate buffer, pH 6.99; temperature 38°; amount of pyruvate, ace- 
tate, and formate, 0.01 


Or uptake per hr. 


Strain 
For- 


| Acetate! mate 
| | c.mm. | c.mm. 
Staphylococcus albus (No. A44) : 405 | 200 | 110 
” aureus (variant of No. A44) .| 382 122 | 116 
albus. | 218 96 
(8 yrs. old) 22 | 61 
aureus (hemolytic, freshly isolated) 320 23 106 
(8 yrs. old) 65 6 70 
0 113 


(acetone-treated) 33 


TaBLe III 
Oxidation of Lactic, Acetic, and Formic Acids by Acetone-Treated 
Staphylococcus aureus 
Temperature 38°; pH 6.99; amount of oxidizable substrates, 0.01 mm. 


O: uptake 


72. 


Time 

Lactate Pyruvate Formate 

min. c.mm. c.mm. 
6 16.9 3.2 16.2 
10 26.9 6.0 
20 45.1 10.3 61.0 
30 57.8 17.0 85.1 
40 62.4 21.1 100.0 
50 | 69.2 28 .9 109.7 
60 | 4 33.7 114.6 


of air). He considered this difference in rates an indication in 
favor of his theory, already referred to. In none of the eight 
different strains of staphylococci reported here was the CO, output 
greater than the O, uptake. In Fig. 3 two extreme cases are 
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reported: in one case (Staphylococcus albus) there was a vigorous 
COz2 output, although not as great as the O2 uptake; in the other 
case (Staphylococcus aureus), the rate of CO, output was negligible 
compared to the rate of Og uptake. 

This great difference in the rates of oxidation and dismutation 
with Staphylococcus aureus makes it possible to separate the oxida- 
tion of pyruvic acid from the dismutation process. The bacteria 
were washed three times with water; after centrifugation they 
were frozen with a mixture of dry ice and ether, precipitated with 
acetone, and again centrifuged; the precipitate was washed with 
ice-cold acetone and collected in a Gooch filter, where it was 
washed again with ice-cold acetone and ether. This acetone- 
treated powder oxidized lactic, pyruvic, and formic acids. It had 
lost the power to produce either dismutation of pyruvie acid 
or oxidation of acetic acid (Table IIL). 


Oxidation and Dismutation of Pyruvic Acid by Animal Tissues 


Krebs and Johnson (6) have elaborated a theory on the mech- 
anism of the metabolism of ketonic acids, which is similar to the 
mechanism proposed by Krebs for bacteria. 

The reduction of pyruvic acid to lactic acid by animal tissues 
has been reported by numerous investigators (Mayer (17), Elliot 
et al. (18), Lawson (19)). Pyruvie acid may also give rise to the 
formation of succinic acid (Weil-Malherbe (20), Elliot and Greig 
(21), Krebs and Johnson (6)), acetic acid (Weil-Malherbe (20), 
Krebs and Johnson (6)), acetoacetie acid (Embden and Oppen- 
heimer (22)), and 8-hydroxybutyric acid and Johnson (6)). 

If the metabolism of pyruvic acid in animal tissues follows the 
same initial path in the presence and in the absence of air, then 
the rate of consumption of pyruvic acid in bicarbonate buffer with 
N.-CO, as gas phase would not be expected to be less than in the 
presence of air. McGowan (23) and McGowan and Peters (24), 
in their work on the oxidation of pyruvic acid by avitaminotic 
brain tissue, and Weil-Malherbe (25), in his work on the anaerobic 
dismutation of pyruvic acid by rat brain tissue, have offered evi- 
dence against Krebs’ theory. In Fig. 4 the rates are given for the 
CO, output (in Krebs’ bicarbonate solution with CO,-Ne as gas 
phase) and the O, uptake (in Krebs’ phosphate solution with Oz 
as gas phase) of the following tissues: liver, kidney, and brain 
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(from avitaminotic pigeons); brain and testis (rat); and nucleated 
erythrocytes (goose). Ground brain cortex was _ previously 
washed with cold distilled water, as done by Peters; liver and 
kidney were used in thin slices; the goose erythrocytes were washed 
three times with 0.154 m NaCl. The figures given were obtained 
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Fic. 4. Metabolism of pyruvic acid by animal tissues. Curves A repre- 
sent the O, uptake with oxygen as the gas phase, in Krebs’ phosphate 
solution; Curves B, the CO; output with N,-CO, as the gas phase, in Krebs’ 
bicarbonate solution. / represents normal rat brain, per 100 mg. of moist 
tissue; 2, avitaminotic pigeon brain with thiamine added, per 100 mg. of 
moist tissue; 3, normal rat testes, per mg. of dry weight; 4, avitaminotic 
pigeon kidney with thiamine added, per mg. of dry weight; 5, goose erythro- 
cytes; 6, avitaminotic pigeon liver with thiamine added, per mg. of dry 
weight. 


by subtracting the gas uptake or output in the absence of pyruvate. 
In no case was the rate of CO, output greater than or even equal 
to the rate of O, uptake. The goose erythrocytes oxidized pyruvic 
acid but could not utilize it in the absence of oxygen. Further- 
more, while in every case the rate of O2 uptake increased, up to a 
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certain time, to remain as a zero order reaction afterwards, the 
rate of CO, output in the absence of oxygen decreased with time 
in all tissues. 
Oxydismutation Coefficient of Pyruvic Acid 
The oxydismutation coefficient of pyruvic acid, t.e. the ratio 


between the amount of pyruvie acid used by the cell under con- 
ditions optimum for oxidation and the amount used under con- 


TaBLe IV 
Oxydismutation Coefficient of Pyruvic Acid by Bacteria 


Temperature 38°; pH 7.02. Oxidation, in phosphate buffer (air as gas 
phase); dismutation, in bicarbonate buffer (CO2-N; as gas phase). 


| 3 
| | ale 
| | 
Bacteria | 3 4 
| 
| = 3 
| 
s | Bee 
Streptococcus hemolyticus. . . | 47.8 
Staphylococcus aureus. .......... 1.16 
| 9.8 | 0.98 10.0 
(hemolytic).........| 47.6 3.8 12.5 
(freshly isolated). . | 67.6 4.5 15.0 
albus ities 61.2 0.43 
‘(variant of No. A43)..| 36.2 19.2 | 1.9 
(No. A4, yrs. old)... 15.7 | O | 


ditions optimum for dismutation, was determined for bacteria 
after incubation at 38° for 1 hour. Only in the cases of Strepto- 
coccus hemolyticus and one strain of Staphylococcus albus was the 
rate of pyruvic acid disappearance greater in the absence of oxygen 
than in the presence of oxygen. One strain of Staphylococcus albus 
did not split pyruvie acid anaerobically. The others had an 
oxydismutation coefficient greater than 1 (Table LV). 

In animal tissues (rat) also the oxydismutation coefficient is 
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greater than 1, as calculated from data given by Krebs and John- 
son in Table II of their paper (6). From Krebs and Johnson’s 
data the oxydismutation coefficient in rat brain is 1.32. Weil- 
Malherbe (25) maintains that the anaerobic metabolism of py- 
ruvic acid in rat brain slices is 3 times as low as the aerobic metabo- 
lism. In this case the oxydismutation coefficient would be 3. 
Retina produces little or no CO, with pyruvic acid in the absence 
of oxygen, while it shows a large O, uptake in the presence of oxy- 
gen (Passenti (26)). 


Diphosphothiamine, a Catalyst for Oxidation and Dismutation 
of Pyruvic Acid 


Peters (27) discovered that thiamine (vitamin B,;) increased the 
rate of oxidation of pyruvic acid by brain tissue from avitaminotic 
pigeons. Shortly after the chemical constitution of cocarboxylase 
(diphosphothiamine) was determined by Lohmann and Schuster 
(11), Lipmann (7) found that this substance was also necessary 
for the oxidation of pyruvic acid by acetone-treated Bacterium 
delbriickiz. Although Peters (28) was unable to confirm Lohmann 
and Schuster’s contention that diphosphothiamine increases the 
rate of oxidation of pyruvic acid by brain tissue of avitaminotic 
pigeons as much as thiamine, the fact that thiamine is rapidly 
phosphorylated by animal tissues and yeast (Tauber (29), von 
Euler and Vestin (30), Lohmann and Schuster (11), Peters (28), 
Lipschitz, Potter, and Elvehjem (31)) favors the opinion that the 
catalyst for the oxidation of pyruvic acid is diphosphothiamine. 
This phosphorylating power of animal tissues makes them un- 
suitable for deciding whether thiamine has to be phosphorylated 
before it becomes a catalyst for the oxidation of pyruvic acid. 

Since the results of Peters concerning the effect of diphospho- 
thiamine and thiamine did not agree with those of Lohmann and 
Schuster, we repeated these experiments using brain from avitamin- 
otic pigeons to oxidize pyruvic acid in the absence and in the pres- 
ence of thiamine, yeast diphosphothiamine, and synthetie diphos- 
phothiamine (kindly sent to us by Dr. H. Tauber). The brain 
tissue was minced and washed once with ice-cold saline. At the 
end of 90 minutes there was an increase of 97 per cent with thiam- 
ine and 33 per cent with both natural and synthetic diphospho- 
thiamine (Fig. 5). 
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In order to determine whether thiamine must be phosphorylated 
to act as a catalyst for pyruvic acid oxidation, a cell should be 
chosen that is unable to phosphorylate thiamine but able to 
oxidize pyruvie acid. Such conditions were found in gonococci 
and hemolytic streptococci. (All bacterial suspensions used were 
washed several times with distilled water before the experiments.) 
Addition of thiamine to these bacteria (10 micrograms for 2.7 ec. 
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Fic. 5. Effect of thiamine and of natural and synthetic diphospho- 
thiamine on the oxidation of pyruvate by brain cortex (avitaminotic 
pigeon). Amount of pyruvate 0.03 mM, pH 7.4, temperature 38°. Curve 1 
represents absence of pyruvate; Curve 2, presence of pyruvate, without 
thiamine; Curves 3 and 4, effect of added natural and synthetic diphospho- 
thiamine (14 micrograms); Curve 5, effect of added thiamine (10 micro- 
grams). 

Fic. 6. Cocarboxylase activity of Staphylococcus aureus grown in a 
synthetic medium containing 4 X 10°°m thiamine. Carboxylase was pre- 
pared from alkaline washed yeast. Temperature 28°, pH 6.2, amount of 
lithium pyruvate 5.4 mg. per vessel. Curve 1 represents the fluid from 
boiled bacteria (0.7 cc.); Curve 2, the supernatant fluid from the culture 
medium (2 cc.); Curve 3, enzyme plus pyruvate. 


of bacterial suspension added 3 hours before the addition of 
pyruvate and kept at 38°) had no influence on the rate of Oy 
uptake; addition of diphosphothiamine (14 micrograms added 30 
minutes before addition of pyruvate) increased the Oz, uptake by 
21 per cent in gonococci, and 64 per cent in hemolytic streptococci. 
Diphosphothiamine had very little effect (8 per cent increase) on 
the oxidation of pyruvate by Staphylococcus aureus (Table V). 
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TABLE V 
Effect of Thiamine and Diphosphothiamine on Oxidation and Dismutation of 
Pyruvic Acid by Animal Tissues and Bacteria ' 


Amount of lithium pyruvate, 0.01 mM; thiamine, 10 micrograms; diphos- 
phothiamine, 14 micrograms. 


— 


Oxidation | Dismutation 
Bacteria Catalyst O: uptake per hr. CO: output per hr. | 
Control | | Control 
| c.mm.  ¢.mm. percent, ¢.mm., c.mm. percent 
Gonococci. . Diphos- | 43.0 | 52.0 | 21.0 | 24 27.0 | 12.5 
phothiam- | | 
ine | | 
.....| Thiamine 57.0 56.0 | None | 
Streptococcus | | | 
hemolyticus...| Diphos- | 82.0 | 135.0 | 64.6 | 67 | 80.0 19.4 
phothiam- | | | | | 
i ine | | | 
Thiamine 34.7 33.8 None 
Staphylococcus | | | 
aureus.......| Diphos- | 470.3 507.9 8.0 
phothiam- | | | 
ine | | | | | 
Thiamine | 470.3 | 473.0 None | | 
Same, washed | | | | 
twice with | | 
0.1 mM | | | | 
HPO,........| Diphos- | 124.0 171.0} 37.6 | 0 | 23.0 
phothiam- | | 
ine | | | 
Thiamine | 195.0 | 220.0 | 12.8 | 
Erythrocytes, | | | | 
goose...... | 14.0! 17.0| 2.4) © 
phothiam- | 
ine | 
Brain (avi- | 
taminotic | | 
pigeon)...... | Thiamine; 26.5 48.5, 80.0 12.2 17.6 44.0 


When the last mentioned bacteria were shaken twice for 10 min- | 
utes with 0.1 m NasHPO, at 30°, centrifuged, and washed with | 
water, the rate of pyruvate oxidation increased by 38 per cent 
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on addition of diphosphothiamine; addition of thiamine 2 hours 
before pyruvate addition produced an increase of 13 per cent. 
This may be taken as an indication that staphylococci have the 
power of phosphorylating thiamine. (After these experiments 
were performed there appeared Hills’ recent report (32) that the 
rate of pyruvate oxidation by staphylococci grown in a synthetic 
medium containing minimal amounts of thiamine increased on 
addition of thiamine.) 

The power of staphylococcus to phosphorylate thiamine has 
been demonstrated as follows: Staphylococcus aureus was grown 
in the synthetic medium recommended by Fildes and coworkers 
(33), the thiamine content being increased to 4 K 10->m. After 


TABLE VI 


Effect of Inhibitors on Decarbozylation (by Yeast) and Oxidation (by 
Gonococct) of Pyruvic Acid 


Inhibition 
Inhibitor 
Decarboxylation Oxidation 
per cent | per cent 


| “ | 75 


incubation at 38° for 16 hours, the bacteria from 150 ec. of the 
culture were collected by centrifuging. 3 cc. of water were added 
to the bacteria, and the suspension was boiled for 5 minutes, 
cooled, and centrifuged. 0.7 ec. of the supernatant fluid was 
used in the test experiments for cocarboxylase activity. This 
fluid from boiled bacteria, together with yeast which had been 
freed from cocarboxylase by washing with 0.1 m disodium phos- 
phate, decarboxylated pyruvic acid vigorously (Fig. 6). The 
supernatant fluid from the culture (2 ec.), on the other hand, had 
very little activity. Thiamine phosphorylated by the bacteria 
was therefore mostly retained within the cell. 
Diphosphothiamine was also found to accelerate the rate of CO, 
output in anaerobic experiments performed with gonococci, 
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hemolytic streptococci, washed staphylococci, and brain tissue 
from avitaminotic pigeons (Table VY). 

Decarboxylation and Oxidation of Pyruvic Acid-—In a recent 
paper, Cedrangolo (34) maintains that the oxidation of pyruvic 
acid by ground liver is performed by previous decarboxylation to 
acetaldehyde, which is later oxidized to acetic acid. As proof for 
this contention he presents experiments in which the oxygen up- 
take of ground liver was inhibited by 80 per cent on addition of 
dimethyl cyclohexanedione. If pyruvic acid is split via acetalde- 
hyde, those substances which act as powerful inhibitors of pyruvic 
acid oxidation may be expected also to inhibit its decarboxylation. 
NaF, a-naphthol, and HCN are strong inhibitors for the oxidation 
of pyruvic acid (Barron (4)). Neither fluoride nor HCN inhib- 
ited decarboxylation. a-Naphthol, which inhibits completely 
the oxidation of pyruvic acid, inhibited by 20 per cent its decar- 
boxylation. In Table VI are given the values for the inhibiting 
effect of these substances on the decarboxylation of pyruvie acid 
by dried yeast and on its oxidation by gonococci. We may con- 
clude from these experiments that decarboxylation and oxidation 
of pyruvic acid are independent processes. 


DISCUSSION 


The réle of pyruvic acid in the oxidation-reduction reactions 
which oceur in living cells is becoming more important as the 
mechanism of intermediary metabolism is disentangled. In the 
presence of the activating enzyme, pyruvic acid becomes ex- 
tremely reactive and will react in a variety of different ways, the 
end-products depending on the presence of other reacting sub- 
stances and the oxidation-reduction intensity and capacity of the 
milieu. Thus, during the process of carbohydrate fermentation 
(in glycolysis and likewise in alcoholic fermentation), the splitting 
of the glucose molecule results in the formation of pyruvic acid. 
This is accomplished through a series of oxidation-reduction reac- 
tions performed with the mediation of diphosphopyridine nucleo- 
tide. 


Glucose + diphosphopyridine nucleotide = pyruvic acid + 
diphosphopyridine nucleotide H, 


The resulting pyruvie acid may be reduced to lactic acid 
(glycolysis) ; it may be decarboxylated and end in alcohol (alcoholic 
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fermentation); it may react with amino acids, ketonic acids, or 
ketones, acting either as a reductant or as an oxidant in quite a 
number of coupled oxidations. The direction and the extent of 
these reactions will be determined by the value of the constants of 
the equilibrium reactions taking place under the conditions of the 
experiment. Disregard of these premises has led numerous in- 
vestigators to erroneous conclusions concerning the mechanism 
of carbohydrate metabolism. 

The experiments reported in this paper show that the orientation 
of pyruvic acid metabolism depends also on the oxygen tension of 
the milieu. In the simplest systems among those studied, that 
is, in cells containing no a-hydroxyoxidase (the enzyme concerned 
with the reversible oxidation-reduction, pyruvate + 2e + 2Ht= 
lactate), for example, hemolytic streptococci, pyruvic acid was 
_either oxidized to acetic acid and CO, or split into acetic and formic 
acids. ‘The first process was found to go to completion in the 
presence of oxygen at atmospheric tension; the second went to 
completion in the absence of oxygen. In more complicated sys- 
tems, cells possessing a-hydroxyoxidase (gonococci), pyruvic acid 
was oxidized in the presence of oxygen, while in its absence it was 
partly reduced to lactie acid and partly oxidized to acetic acid 
and COs. It is obvious that the relation between oxidation and 
dismutation, oxydismutation coefficient, will vary in each cell 
according to the oxygen tension. 

Both the oxidation and dismutation of pyruvie acid require 
diphosphothiamine as one of the factors of the enzyme complex, 
the phosphorylation of thiamine being easily performed by animal 
tissues (29, 30, 11, 28, 31) and by bacteria. The contention of 
Cedrangolo (34) that the first product of pyruvic acid metabolism 
is acetaldehyde (decarboxylation) finds no support in our inhibi- 
tion experiments, because inhibitors of pyruvic acid oxidation had 
no effect on the rate of decarboxylation. 


SUMMARY 


The metabolism of pyruvic acid by bacteria (gonococci, hemoly- 
tic streptococci, staphylococci) and animal tissues (pigeon, rat) 
may proceed in two directions: Under optimum conditions for 
oxidation, the pyruvic acid is directly oxidized to acetic acid and 
CO.; under optimum ¢onditions for reduction it may be reduced 
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to lactic acid or may be split by dismutation into acetic acid and 
formic acid. By keeping bacteria under these optimum condi- 


tions, the oxydismutation coefficient of pyruvic acid was deter- - 


mined for gonococci, hemolytic streptococci, and staphylococci. 
Goose erythrocytes oxidize pyruvic acid in air. In the absence of 
oxygen, pyruvic acid is not utilized. Diphosphothiamine acts 


as a catalyst for both the oxidation and the dismutation of pyruvic - 


acid. 
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THE PHYLLOCHROMOGEN OF PROTOPORPHYRIN 
AND PYRIDINE. 


By WILLIAM F. ROSS 


(From the Research Laboratory of Organic Chemistry of the Massachusetts 
Institute of Technology, Cambridge)* 


(Received for publication, October 13, 1938) 


The absence of photosynthetic activity in all plant tissues 
in which the cell structure has been destroyed, as well as in chloro- 
phyll extracts from plants, would indicate a destruction of the 
natural photosynthetic system by these processes. No labile 
or sensitive forms of chlorophyll have been obtained; it would 
seem, therefore, that the pigment portion is unchanged, but that 
the disruption of its association with non-color-absorbing matter 
in the chloroplast accounts for the absence of photosynthesis. 

Analogy between the heme-globin system of hemoglobin and 
the chlorophyll synthetic system suggests that chlorophyll is 
associated with protein or other nitrogen-containing material. 
This idea is not novel; nor is there complete absence of support 
forit. Willstatter and Stoll (1) observed a shift towards the violet 
in the absorption spectrum of chlorophyll after extraction. This 
was attributed to the passage of chlorophyll from a colloidal 
state to one of true solution. Such a shift occurs when the mass 
of non-absorbing matter associated with a chromophorie group is 
diminished; it would oecur if chlorophyll were dissociated from 
a protein, as has been suggested by Lubimenko (2). The latter 
was able to obtain aqueous extracts of chlorophyll from A spidistra 
and Funkia in which the absorption was not changed from that 
in the leaf. He also found (3) that protein reagents such as 
tannic acid or ammonium sulfate precipitated the pigment from 
solution, and that the complex was broken up by organic solvents, 
giving a green solution and colorless residue. This behavior 
supports the theory that chlorophyll is present in the chloroplast 
as the prosthetic group of a protein complex compound. 


* Contribution No. 176. 
163 


} 


164 Phyllochromogen 


Preliminary to a study of the affinity of chlorophyll for protein, 
the behavior of the inner magnesium salts of porphyrins, the 
phyllins, with simple nitrogen compounds has been investigated. 
Such phyllins have been found to form stable complex salts with 
pyridine, like the hemochromogens from heme and nitrogen com- 
pounds. They are accordingly named phyllochromogens. 

The pyridine phyllochromogen of protoporphyrin methyl ester 
may be prepared by recrystallizing the phyllin ester from ether 
containing pyridine. It separates as a microcrystalline powder 
which may be filtered off, washed with petroleum ether, and dried 
by exposure to the air. Exactly 2 moles of pyridine are given up 
when protophyllochromogen is warmed in a vacuum; the resulting 
phyllin will also recombine with 2 moles of pyridine when it is 
allowed to stand in an atmosphere saturated with pyridine. The 
product is therefore a bipyridine compound, as are the pyridine 
hemochromogens (4, 5). 

The arrangement of the pyridine groups may be assumed to 
be like that in hemochromogens, the magnesium atom occupying 
the center position within the porphyrin nucleus and the pyridine 
groups the positions above and below this plane. Magnesium 
forms complex salts with valencies of both 4 and 6, the former 
being the more stable (6). Of those with 6 covalencies, besides 
alcohols, esters, and ketones within the complex, there are those 
with amides (Mg(CH3;CON He).)Bre, urea and 
urethanes Bre (7). 

Protophyllin ester gives in ether a cherry-red solution, and in 
pyridine a red solution with a pronounced yellow-green tinge. 
In pyridine the absorption spectrum shows a shift towards the 
red of 7 mu for Band I and of 10 mu for Band II. Fig. 1 shows 
the curves from the Hardy color analyzer.' In dilute solutions of 
pyridine in ether, the extent of phyllochromogen formation is 
dependent upon the concentration of pyridine, as shown by the 
absorption. When green leaves are treated with acetone, the 
strong red band of chlorophyll moves 12 mu to the blue (1); a 
similar shift occurs when pyridine phyllochromogen is broken 
up by dilution. 

Phyllins may therefore combine with nitrogen compounds in 


1 The author wishes to thank Mr. 8S. Q. Duntley of the Massachusetts 
Institute of Technology for his cooperation in making these curves. 
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the same manner as do the heme derivatives of porphyrins. The 
dissociation of the resulting complex is accompanied by spectral 


shifts analogous to those occurring when chlorophyll is extracted 


from plant tissues. These characteristics lend support to the 


occurrence of chlorophyll in nature as a nitrogen complex salt. 
It is hoped that the behavior of phyllins and chlorophyll with 
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Fic. 1. The absorption spectra of protophyllin dimethyl ester in ether 


(Curve 1), and in pyridine (Curve IT). 


proteins, which is now being studied, will throw further light on 
this association. 

It is significant that French (8) has recently obtained from 
photosynthetic bacteria a complex which appears to consist of 
protein and chlorophyll and carotenoid pigments. Smith (9) 


has also reported the preparation of an aqueous chlorophyll 
protein solution from spinach. 
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The author is grateful to the American Academy of Arts and 
Sciences for a grant from the Warren Fund, which has greatly 
facilitated this study. 


EXPERIMENTAL 


Protoporphyrin Dimethyl Ester—Protoporphyrin was prepared 
according to Fischer and Piitzer (10) by the action of iron on hemin 
in formic acid solution. Methylation with 1 per cent methyl 
alcoholic HCl gave the ester which after repeated recrystalliza- 
tions from chloroform and methyl alcohol was in the form of 
microcrystalline prisms. Spectrum: I, 636-628; II, 589-585-571; 
III, 548-532; IV, 517-493 my; IV, III, I, I. 

Phyllin of Protoporphyrin Dimethyl Ester--Alkoxymagnesium 
bromide was used rather than the Grignard reagent because of 
the porphyrin carboxy! groups (11). Solid ethylmagnesium bro- 
mide from 1 mg. of magnesium was decomposed with 25 cc. of 
dry propyl aleohol. To the hot propoxymagnesium bromide was 
added 1 gm. of protoporphyrin dimethyl ester suspended in 200 
ec. of hot propyl alcohol. After 15 to 30 minutes of refluxing, the 
porphyrin had dissolved to give a bright red phyllin solution 
with its characteristic two-banded spectrum. After 2 hours heat- 
ing the solution was concentrated under reduced pressure, and the 
resulting oil taken up with ether, washed with aqueous ammonium 
chloride, water, and dried over sodium sulfate. Crystallization 
occurred from the concentrated solution on the addition of pe- 
troleum ether. The yield was about | gm. of phyllin. No solvent 
of crystallization was observed. 

Protophyllin dimethyl ester dissolves readily in alcohol and 
acetone, less so in ether, to give bright red solutions with red 
fluorescence. It was recrystallized from ether-petroleum ether, 
and melted at 223-225° with sintering. 

Analysis —CysHssNsO.Mg. Calculated, N 9.14; found, N 9.13, 8.90 

Spectrum (in Ether)—1, 598-588-578; II, 562-549-535; III, 513-502 mu; 
I and II strong, III faint. 


Pyridine Phyllochromogen of Protoporphyrin Dimethyl Ester—A 
solution of 200 mg. of phyllin in 10 ec. of ether containing 0.5 ce. 
of pyridine was slowly concentrated on the steam bath. Fine 
crystals with a dull gray sheen were deposited. These were 
filtered off after further concentration and addition of petroleum 
ether, washed with the latter, and dried by exposure to the air 
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at room temperature. The yield was 110 mg. In a melting 
point tube, sintering with unsharp melting occurred at about 134°. 


Analysis—Caleulated for a bipyridine complex; 
2(CsHsN); CsHsN 20.52, N 10.9. Found, 107.4 mg. substance lost after 12 
hours in a vacuum at 100° 22.4 mg. or 20.85 per cent; 92.4 mg. substance 
lost after 2 hours 19.3 mg. or 20.89 per cent. Dumas nitrogen deter- 
minations gave 10.33 and 10.23 per cent. 


Of the same sample, 48.4 mg. lost after 45 minutes at 100° 
in a vacuum 9.9 mg. or 20.4 per cent. The resulting 38.5 mg. of 
phyllin were left overnight in a vessel containing an open tube 
of pyridine; the sample gained 10.5 mg. or 21.4 per cent of the 
final weight. 

Spectrum in Pyridine—I, 607-595-586; II, 573-560-543 mu. 
The faint band, III, of the phyllin has disappeared. 

Protophyllochromogen is completely dissociated in ether with- 
out additional pyridine: I, 598-588-579; II, 564-550-534; III, 
516-502 mu. 

In a 1:1 mixture of pyridine and ether there is partial associa- 
tion: I, 599-593-587; II, 572-555-542 mu. 


SUMMARY 


1. There is described a new type of compound, phyllochrom- 
ogen, formed by the addition of pyridine to porphyrin phyllin 
derivatives. 

2. Points of similarity between such phyllochromogens and 
the state of chlorophyll in nature are discussed. 
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THE HEME-GLOBIN LINKAGE OF HEMOGLOBIN 


I. THE COURSE OF THE PANCREATIC DIGESTION OF OXYHEMO- 
GLOBIN AND OF CARBOXYHEMOGLOBIN 


By WILLIAM F. ROSS 


(From the Research Laboratory of Organic Chemistry of the Massachusetts 
Institute of Technology, Cambridge)* 


(Received for publication, October 13, 1938) 


At four positions within the native globin molecule heme may 
combine to give a protein, capable of reversible combination with 
oxygen (1, 2) and identical with hemoglobin (3, 4). As many as 
thirty hemes may react with denatured globin, but the product 
eannot be reversibly oxygenated. Many other nitrogen-contain- 
ing compounds combine with reduced hematin to form hemo- 
chromogens, but none of these combines with oxygen in this 
way. Particular interest is therefore attached to the nature of 
the union of heme to globin in native hemoglobin. 

Analogies between hemoglobin and simpler derivatives have 
given some information about this point. Among the methods 
used have been electrometric titration, and the study of the 
magnetic properties, and oxidation-reduction potentials of the 
iron atom. More direct have been efforts to keep intact the 
original heme-protein linkage during degradation of the protein, 
chemical and enzymic hydrolytic agents having been employed. 
Waelsch (5) treated hemoglobin with 2 per cent sodium hydroxide 
at 85°, and isolated from the reaction a product containing hema- 
tin, proline, and alanine. By alcoholysis of hemoglobin at 190°, 
Kiister and Koppenhdéfer (6), also, obtained a proline-hematin 
fraction. No further support for the association of heme with 
proline has been presented. Haurowitz degraded hemoglobin 
with the tryptic (7) and papain (8) enzymes, both giving a product, 
‘“hemin proteose,” rich in iron, with a molecular weight of ‘‘at 
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least 23,000.’ On account of the large size of the molecule and 
the fact that the nitrogen distribution of the protein fragment 
was like that of hemoglobin, Haurowitz suggested that the pros- 
thetic groups had split off and recombined with a large fraction 
of undigested globin. ‘This proteose would have no relation to 
the original problem if this were true. 

The present report concerns a study of the action of the pan- 
ereatic enzymes on oxyhemoglobin and on carboxyhemoglobin 
to determine the influence of carbon monoxide on the stability 
of the heme-protein linkage. The possibility of isolating the 
amino acid residues to which the heme was originally attached 
is presented if the linkage is so strengthened by carbon monoxide 
as to persist throughout the digestion. 

Earlier reports indicated that CO hemoglobin was completely 
resistant to digestion by the pancreatic enzymes. Abderhalden 
and Damodaran (9) in 1930 found that both oxy- and CO hemo- 
globin were digested to nearly the same extent and at slightly 
different rates by pepsin-HCl, trypsin-kinase or erepsin, the 
differences being inconsistent, however. Haurowitz (7) found 
little difference between the splitting of the two derivatives even 
when CO hemoglobin was kept oxygen-free. 

The present investigation has shown that oxy- and CO hemo- 
globin differ in the rate at which they are hydrolyzed by the 
pancreatic enzymes and also in the nature of the product formed 
from the prosthetic group. The data from such experiments 
are presented in Figs. 1 to 6. For reproducible results with CO 
hemoglobin it was necessary to remove all oxygen from the enzyme 
and substrate solutions before mixing and to keep the digest 
always free of oxygen. 

At a hydrogen ion concentration of 8.0 (Fig. 1) the hydrolysis 
of CO hemoglobin differs from that of oxyhemoglobin by being 
slower in the earlier stages; after 5 days the degree of degradation 
is approximately the same for each. When hydrolysis with 
trypsin is complete, the ratio of amino to total nitrogen normally 
lies between 0.55 and 0.60. After hydrolysis with 20 per cent 
HCl, this ratio is 0.20 higher. At a lower pH, 6.2, (Fig. 2) the 
digestion of CO hemoglobin is greatly inhibited, whereas that 
of oxyhemoglobin proceeds almost unchanged. In these experi- 
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ments the ratio of protein to enzyme is the same (cf. also Fig. 3). 
In Fig. 4, at pH 7.8, the protein has been doubled in concentration 
and the enzyme decreased to one-thirteenth its former value. 
The difference in rates is still pronounced during the initial stages 
of the digestion, but the final hydrolysis reached is not so great 
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Fic. 1. The pancreatic digestion of oxyhemoglobin (O) and of CO 
hemoglobin (A) at pH 8.0. The nitrogen concentration was 5.35 mg. per 
ce.; the nitrogen to enzyme ratio, 21.5. 

Fic. 2. The pancreatic digestion of oxyhemoglobin (O) and of CO 
hemoglobin (A) at pH 6.2. The nitrogen concentration was 4.85 mg. per 
cc.: the nitrogen to enzyme ratio, 18.5. 
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Fic. 3. The pancreatic digestion of oxyhemoglobin (O) and of CO 
hemoglobin (A) at pH 6; the nitrogen concentration was 7.35 mg. per cc. 


as that with more enzyme. Thus, even at pH values near 8, the 
optimal point for pancreatic activity, the retarded digestion of 
CO hemoglobin is real, but with high concentrations of enzymes 
the difference might be overlooked. 

The condition of hemoglobin during the digestions of oxy- 
hemoglobin with trypsin has not yet been determined. Compara- 
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tive rate studies with reduced hemoglobin, methemoglobin, and 
CO hemoglobin are being made. 

Although no instance was found of the inhibition of proteolytic 
enzymes by carbon monoxide, the possibility was considered. <A 
gelatin solution was treated with carbon monoxide as in the hemo- 


z 

| 
| 
= o— 4 | 
oO 
02 | 
~ | 
rT 
< 00 J | Ban 
<x 0 2 5 10) 15 20 DAY 


Fic. 4. The pancreatic digestion of oxyhemoglobin (O) and of CO 
hemoglobin (A) at pH 7.8. The nitrogen concentration was 11.0 mg. 
per cc.; the nitrogen to enzyme ratio, 450. 
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Fic. 5. The pancreatic digestion of gelatin in air (O) and of gelatin 
in CO (A) at pH 7.5. The nitrogen concentration was 7.25 mg. per cc.; 
the nitrogen to enzyme ratio, 48. 


globin experiments; its hydrolysis with oxygen-free enzyme 
differed in no way from that without carbon monoxide (Fig. 5). 
More significant were similar digestions with globin, in which 
the relation of protein to enzyme corresponds to that with hemo- 
globin except for the fragments near the prosthetic group. Here, 
also, the hydrolyses of globin and of globin with carbon monoxide 
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were identical (Fig. 6). The effect of carbon monoxide in the 
hemoglobin experiments is therefore the result of its action on the 
substrate, not on the enzyme systems involved. Significant is 
the digestion of oxyhemoglobin run simultaneously with globin,— 
after 4 hours the liberated amino nitrogen was 8 per cent of the 
total nitrogen, whereas that from globin was 30 per cent of the 
total. 

It is useful to consider the enzymic degradation of a native 
protein, such as hemoglobin, to consist of two related steps. In 
the first, the initiation of the reaction, the macrostructure of the 
protein is destroyed, giving rise to smaller fragments, the hy- 
drolysis of which constitutes the final stages of the digestion. 
Peptide linkages may be split in both steps. Their location in 
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Fic. 6. The pancreatic digestion of oxyhemoglobin (QO), of globin in 
air (C)), and of globin in CO (A) at pH 6.3. The nitrogen concentration 
was 5.5 mg. per cc.; the nitrogen to enzyme ratio, 22. 


a tightly knit and condense system of protein chains in the first 
stage, and, in simple polypeptide fragments in the latter, is the 
basis of differentiation. With conjugated proteins such as hemo- 
globin the prosthetic group may act as a binder, holding together 
extended protein chains through its association with specific 
amino acid residues within them. 

In the present instance, it is clear that the hydrolysis of the 
smaller fragments is independent of the presence of carbon mon- 
oxide. The same peptides are formed from both hemoglobin 
and globin, and carbon monoxide does not retard their splitting 
with globin. The effect of carbon monoxide is expressed, how- 
ever, through its retarding the rate at which these fragments 
are supplied. 
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The réle of the four hemes in holding the molecule together is 
illustrated by the greatly retarded initial attack on the hemoglobin 
molecule, compared to that on the globin.' It is further de- 
veloped by carbon monoxide, which, in strengthening the union 
of heme and globin, fortifies the interassociation of the protein 
chains and reduces the availability of their linkages to the enzymes. 

The influence of carbon monoxide on the course of the reaction 
is further seen in the behavior of the prosthetic grouping during 
digestion. The term, prosthetic grouping, is used here to include 
the heme (ferrous derivative of protoporphyrin (10)), the amino 
acid residues to which it is attached in hemoglobin, and the associ- 
ated gas, in this case carbon monoxide. Several hours after the 
addition of enzyme to oxyhemoglobin the solution takes a brown 
tone; within 24 hours it is an opaque brown liquid, having lost 
its former red color. At the completion of digestion a residue 
has formed on the bottom of the flask consisting of a brown floc- 
culent precipitate and a bluish black microcrystalline powder. 
The former is similar to the ‘‘proteose’’ of Haurowitz (7), and is 
obtained in greater quantity by acidification of the hydrolysate 
solution. The crystalline fraction can be purified by washing 
with aqueous KHCOs, water, and alcohol and drying. It appears 
to be hematin; on reduction with hydrosulfite in the presence of 
pyridine, the pyridine hemochromogen spectrum is obtained. 
Soon after destruction of the oxyhemoglobin molecule has begun, 
the heme-protein linkage is weakened, and oxidation of the iron 
to the ferric condition occurs. There results separation of the 
prosthetic group as hematin or its dissociation and recombination 
with undigested protein. This would give a compound in its 
general nature like the cathemoglobin from the denaturation of 
methemoglobin. 

The bright red color of CO hemoglobin remains unchanged 
during digestion if the solution is maintained free of oxygen. 
Little residue forms, except occasional deposits of tyrosine; no 
hematin or other crystalline porphyrin derivative is observed. 
Although the solution does not change its color on hydrolysis, a 
real shift in the position of the absorption bands occurs. Fig. 7 
shows the absorption spectra of CO hemoglobin and of the carbon 


1 Configurational differences between native and denatured globin may 
also affect this point. 
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monoxide digestion product, obtained in the Hardy color analyzer.” 
The maxima for CO hemoglobin occur at 569 and 539 mu; those 
for the CO product at 564 and 535 mu. That both bands shift 
simultaneously 5 my to the blue and are not changed in relative 
intensity to one another would indicate that the chromophore 
group itself has not been altered; 7.e., that the prosthetic grouping 
has persisted from the native protein. Such a shift of the absorp- 
tion region to shorter wave-lengths occurs commonly when the 
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Kia. 7. Absorption spectra of CO hemoglobin (Curve I) and of the CO 
digestion product of hemoglobin (Curve IT). 


mass of the non-absorbing portion of a molecule containing a 
chromophoric group is decreased. It would therefore appear that 
most of the protein has been digested away, leaving the heme still 
associated with the amino acid residues to which it is combined 
in the original hemoglobin. This fragment is able to resist the 


? These charts were made possible through the kindness of Mr. S. Q. 
Duntley and Professor A. C. Hardy of the Massachusetts Institute of 
Technology. 
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enzyme action through the protection, possibly steric, of the 
porphyrin group. The key to this is the carbon monoxide, which 
strengthens the bond of the heme, through its iron, to the protein. 

It is a pleasure to acknowledge a grant from the Warren Fund 
of the American Academy of Arts and Sciences. 


EXPERIMENTAL 


Oxyhemoglobin—Horse plasma residues* were diluted with 2 
volumes of isotonic salt solution containing sodium citrate and 
passed through a Sharples centrifuge, kindly put at our disposal 
by Professor EK. A. Hauser (11). From 8 liters of residues were 
obtained 6 liters of semicrystalline paste. Crystallization was 
furthered by adjusting the pH to 6.6 with 0.1 N HCl and stirring 
in an ice-salt mixture. The crystalline paste thus formed was 
washed with distilled water and stored under toluene at 0°. Resid- 
ual stromata were removed by centrifugation of hemoglobin solu- 
tions before use. 

Pancreatic Enzymes—100 gm. of pancreatin (Merck) were 
ground with 1 liter of 90 per cent glycerol and allowed to stand 
with frequent stirring for 2 days at room temperature. After 
the addition of 1 liter of distilled water, the solution was at once 
centrifuged free of residue and stored under toluene at 0°. 

Digestion—The following typical procedure was that used in 
the experiments of Fig. 6. A concentrated solution of crystalline 
oxyhemoglobin was prepared with the aid of borate-HCl buffer 
(12), and centrifuged free of residue. A portion was transferred 
to a round bottom flask equipped with stop-cocks; the flask was 
evacuated and flushed with oxygen-free carbon monoxide. ‘This 
procedure was repeated several times. Then there was drawn 
into the flask without the introduction of air the required enzyme 
solution, already flushed with nitrogen, and sufficient oxygen-free 
water to bring the nitrogen concentration to 5 mg. per cc. The 
flushing procedure was then repeated to insure removal of all 
oxygen. 

Simultaneously another portion of tha same hemoglobin solu- 
tion was mixed with enzyme and water sufficient for the same 
nitrogen concentration. 


* Made available through the cooperation of the Massachusetts Anti- 
toxin Laboratory. 
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Amino nitrogen was determined by the Van Slyke volumetric 
method; total nitrogen by a semimicro-Kjeldahl procedure. <A 
glass electrode was employed for pH determinations. 

(rlobin—-Globin was prepared by the acetone-HCl method of 
Anson and Mirsky (13). On account of its insolubility at pH 
8 more acid solutions had to be employed. The solid product 
was powdered and ground with distilled water to give a solution 
of pH 2. This was carefully neutralized with dilute KOH to 
pH 5.5, when further addition of base caused a heavy precipitation. 
Treatment with carbon monoxide followed that used with hemo- 
globin. After mixing with enzyme, the pH was at 6.0, where it 
remained during the experiment. 


SUMMARY 


It is shown that the course of digestion of carboxyhemoglobin 
by the pancreatic enzymes is different from that of oxyhemoglobin. 
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THE HEME-GLOBIN LINKAGE OF HEMOGLOBIN 


II. THE MOLECULAR WEIGHT OF THE PRODUCT FROM 
CARBOXYHEMOGLOBIN 


By WILLIAM F. ROSS 


(From the Research Laboratory of Organic Chemistry of the Massachusetts 
Institute of Technology, Cambridge) * 


(Received for publication, October 13, 1938) 


kxperiments reported in Paper I (1) led to the hypothesis that 
carboxyhemoglobin was digested by pancreatin without solution 
of the original heme-protein linkage of hemoglobin. Knowledge 
of the molecular size of the remaining fragment should either 
support or destroy this conclusion. Adair (2) by osmotic pressure 
experiments and Svedberg and Fahraeus (3) with the ultracentri- 
fuge have shown the molecular weight of hemoglobin to be 67,000, 
four times the minimum molecular weight of 16,700 based on 1 
iron atom per molecule. Our product from CO hemoglobin would 
appear to be the result of resynthesis, should it be sufficiently 
large to contain more than four hemes per molecule. In view of 
the dissociation of the hemoglobin molecule into half size frag- 
ments (Burk and Greenberg (4) and Steinhardt (5)) the more 
conservative figure of two hemes might be set, although it is not 
known that an even distribution of hemes occurs during dissocia- 
tion. The molecular size, in addition to being helpful in the inter- 
pretation of the hydrolytic experiments, might also indicate the 
steric relation of the hemes to one another within the hemoglobin 
molecule. 

Minimum Molecular Weight 

The minimum molecular weight of the CO product was deter- 
mined by its iron content. Upon the addition of acetie acid to 
the clear, red digest solution from CO hemoglobin, it becomes 
cloudy and a flocculent red precipitate separates. The latter 


* Contribution No. 178. 
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may be collected by centrifugation, leaving a clear colorless mother 
liquor; it is washed with water, alcohol, and ether, and dried at 
100° in a vacuum. Iron determinations, gravimetric and colori- 
metric (6), gave concordant results, the mean value being 5.24 
per cent, which corresponds to a minimum molecular weight of 
1060. Heme, 616, would constitute 58 per cent of the molecule, 
leaving 42 per cent for the protein fragment. 


Example—72.5 mg. of dry CO product were ignited in a platinum crucible 
to give 5.6 mg. of ash. This was dissolved in HCl, filtered, precipitated 
with NH,OH, collected on a filter paper, washed with 2 per cent NH NOs, 
and ignited, giving 5.4 mg. of ash, equivalent to 5.21 per cent iron. Again, 
81.9 mg. gave 6.3 mg. of ash, equal to 5.38 per cent. . 


Product | Iron | Nitrogen 
per cent | per cent 
159 5.36 12.23 
168 5.39 12.64 
179 5.28 12.24 
183 5.17 
187 5.34 
222 | 5.28 12.50 
352 | 5.07 


Purification by Dialysis 


A pure solution of the unaltered product was desired for molec- 
ular weight determination. Although, under controlled condi- 
tions, the product may be flocculated with acetic acid, washed 
with oxygen-free water, and redispersed in dilute alkali without 
losing its color, the particle size appears to be increased. ‘The red 
liquor so formed is cloudy, and under the ee minute 
amorphous particles are visible. 

Adequate purification was found in continuous dialysis (7) 
under an atmosphere of carbon monoxide with a cellophane mem- 
brane.' This permitted passage of the colorless degradation 
products but retained the heme-protein fragment complex. ‘The 
course of dialysis may be seen from Table I. The fraction, re- 
tained during dialysis and precipitated by acetic acid, contains 


‘From the Central Scientific Company; wall thickness 0.00072 inch. 
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6 per cent of the total nitrogen and is equivalent to a single frag- 
ment of 1300 mass from 16,700 or 2600 from 33,400, ete., 12.5 
per cent being used as the nitrogen content of the CO product. 

The CO product purified by dialysis is unstable; addition of 
a trace of acetic acid results in complete flocculation from solution. 
Shaking for 30 seconds with air gives it a brown color, the red 
being completely lost within several minutes. 

The absorption spectrum is unchanged after dialysis, the purified 
product having been used for the curve of Fig. 7 (ef. (1)). From 
the relation, 8 = a/cd, where a@ is the fraction of light absorbed 
at the maxima of corresponding bands (A 539 mu for CO hemoglobin, 


TABLE I 
Dialysis of Pancreatic Digest of CO Hemoglobin 
560 ml. of digest were taken. The rate of dialysis was 500 cc. per hour. 


Fraction | Time Nitrogen of total pH 

5065 100 5.8 

Pptd. by acetic acid from above | | 


\ 535 for the CO product), c is the concentration of nitrogen in 
mg. per ec., and d the thickness of cell, there is found for the 
coefficient of absorption, 6, 3.3 for CO hemoglobin and 54.5 
for the CO product. ‘These agree with the interpretation that 
much non-absorbing protein has been removed from the chromo- 
phoriec group. 


Osmotic Pressure Experiments 


The osmotic pressure of this relatively pure solution of the CO 
digestion product was determined. A cell like that of Adair 
(2), modified to permit operation under carbon monoxide, was 
used. Table II contains the data from these experiments and 
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the molecular weights 2100, 2020, and 1240 calculated from the 
formula, M = C/P X RT. 


7 13.56 0 

At 20°, RT = 0.08207 X 76 X 13.596 X 293.1 X10 _ 
100 

2.486 108 X C 


M = 
P 


where C is the concentration per 100 ec. of solution, and P the 
pressure in em. of water. A negative correction of 1.5 em. has 
been applied to the observed value. This is the height of the 
meniscus when the same cell is filled with mother liquor from the 
acetic acid precipitation of the product. It is, therefore, a cor- 
rection for capillarity and any high molecular material present. 


TABLE II 
Osmotic Pressure Experiments 


Concen- | 
No, [Solution] Time | | volume | P| Of | Mol. we. 
| product | 
| days | ce. ce. cm, mg. per cc. 
| | 675 35.8 2.89 | 2180 
: ae 5 | 20.0 59 683 | 37.8 | 2.95 | 2020 
3 | 3382 | 37* | 20.0 | 60 55 | 46.5 | 2.25 | 1240 


* With such a small outer volume, sufficient diffusion occurs for the 
concentration of the product outside to increase too rapidly for real maxima 
to be reached. This effect was overcome by changing the water outside 
until a true end-point was found. Six changes were required. 


The behavior in Experiment 2, Table II, after the maximum 
had been reached is shown in Fig. 1. A final constant pressure 
was not obtained, but after 133 days the curveewas nearly hori- 
zontal, at a pressure equivalent to a molecular weight of 16,300. 
The color of the solution within the membrane was unchanged 
after this time, and the outer liquid had just a faint pink tinge. 
This behavior was not explained until the CO product had been 
examined in diffusion experiments. 


Diffusion 


The method of Northrop and Anson (8, 9), in which a sintered 
glass membrane is employed, offered a simple means of studying 
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the properties and diffusion rate of the CO product. The stand- 
ard apparatus was modified so that the working atmosphere could 
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Fic. 1. The osmotic pressure of Experiment 2, Table II, over a period of 
133 days. (The break after 24 days was caused by replacing the almost 
colorless outer liquid with distilled water.) 


TaBLeE III 


Calibration of Jena Cell with 2 nw NaCl at 25°;* Titration with 
0.1 N AgNO;; K:CrO, As Indicator 


Q | K cell | D 
| 
days | | | sg. cm. per day 

0.0577 | 0.1496 0.486 1.26* 

0.0417 | 0.1175 0.447 

0.0417 | 0.1205 | 0.436 

0.0417 | 0.1214 0.432 

0.489 | 1.350 | 0.455 

0.0625 | 0.1790 | 0.440 | 1.26 

0.0625 | 0.1805 | 0.436 | 

0.0625 | 0.1837 | 0.429 

0.0554 0.1680 | 0.415 


* Reference (9). 


be controlled. Calibration of the Jena cell with 2 N NaCl at 
25° is shown in Table III. The cell constant, A, was found by 
the use of the relation K = Dt/Q, where D is the diffusion co- 
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efficient of the substance in solution, and Q the cc. of inner solu- 
tion that contain the amount diffused in the time ¢, expressed 
in days. 

With the cell constant so obtained, the diffusion constants for 
sucrose, raffinose, and CO hemoglobin were determined. These 
values are shown in Table IV with corresponding figures from other 
sources. 

In Table V are the diffusion coefficients, D, of the CO product 
under various conditions,—also the corresponding molecular 
weights. Undiluted CO product solution was used in the diffu- 


TaBLe IV 
Diffusion Constants for Sucrose, Raffinose, and CO Hemoglobin 
K cell = 0.442. 


t Q D found D known 
days sg.cm. per day sq.cm. per day 

Sucrose, 1 N aqueous solu- 0.108 0.0878 0.361 0 .380* 
tion, 25° 0.166 0.1393 0.371 
0.125 0.1007 0.356 
0.146 0.1190 0.362 

Raffinose, 0.125 gm. per 0.236 0.1820 0.341 0.344* 
0.156 0.1211 0.342 
0.464 0.3524 0.336 
0.281 0.2152 0.339 

COHb in borate-HCl, pH 0.0765 0.054 0.068 

8.3, 25.5° 0.153 0.063 0.077} 
0.930 0.162 0.077 


* Reference (10). 
t Calculated from D = 6.9 * 1077 sq.cm. per second at 20° (11). 
t Calculated from D = 0.042 sq.cm. per day at 5° (8). 


sions against water, with the single exception of Experiment 6 
in which the solution was diluted with an equal part of water. 
The borate-HCl and glycine-NaOH buffers were prepared in 
twice the strength of Bertho and Grassmann (12), being diluted 
with an equal volume of CO product for the inner and of 
water for the outer solution. The procedure of Northrop 
and Anson was followed, a 2 hour period being allowed for 
the system to reach equilibrium. Diffusion was followed 
colorimetrically by comparing the diffusate with a diluted solution 
from within the cell after the CO product had become oxidized 
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brown. ‘The properties and previous history of each solution are 
summarized in Table VI. 

The molecular weights of Table V were calculated by the equa- 
tions, D = RT/N6xrn, and M = 4rr*gN, which combined and 
evaluated give for the molecular weight at 25, M = 30.84/D*.* 


TABLE V 
Diffusion of CO Product 
Water thermostat at 25.0°. 


Ex- 
— — Solvent | K cell | D Mol. wt. 
No. | | 
| sq.cm. per day | 
1 230 | Water 0.110* 0.42, 0.43, 0.44, 420 
| | | 0.36, 0.46 | 
2 | 184 0.39, 0.47,0.43 390 
3 184 0.444 
183 0.442t 0.389, 0.400 
5 | 332 0.365 | 635 
6 | 332 | 1:1 water —0.442¢ 0.405, 0.464, | 300 
| 0.541 | 
7 230  Borate-HCl, pH 8.3§ | 0.442f 0.072, 0.092 55, 900 
8 184 | Glycine-NaOH, pH 11.68 0.442t 0.075, 0.092 55, 900 
9 | 183 | Same —0.442t 0.099 31,000 
10 | 183 | 0.01 KOH, pH 11.5 0.442. 0.199, 0.205, 3, 860 
| 0.199 
11 197 Same 0.442¢ 0.091, 0.112 31,000 
12 184 | 0.015 n KOH —0.442t 0.165, 0.167 6,740 
13 | 332 | Same - 0.442t 0.133, 0.135 12,800 
14 | 332 | 1.25 n KOH 0.442t 0.040, 0.047 388 , 000 
15 | 188 | 0.442¢) 0.127, 0.143 13,300 


* Alundum disk. 

t Jena cell before grinding. 

t Final Jena cell (Table III). 

§ Reference (12). 

{ Diffusion of 188 after 133 days in osmotic pressure experiment of 
Fig. 1; against outer liquor from the same experiment. 


The equation of Einstein and of Sutherland, D = RT/Nf, 
is restricted to uncharged molecules much larger in size than the 


*R = 8.3 X 107 erg, degree, molecule™!; T = 298°; N = 6.06 * 10% 
molecule!; » = 0.00895 erg, second, cm.-*; g = 1.3; f, the friction coeffi- 
cient, = 6 rn for a sphere. 
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molecule of solvent. Its applicability is therefore restricted here; 
the CO product is undoubtedly charged, and its molecular size is 
relatively small, especially in those experiments in which salt-free 
water was used as solvent. 

Dilution of the CO product with buffer or basic solutions was 
in every case accompanied by a slight clouding up of the solution, 
indicative of increased Tyndall intensity. This phenomenon did 
not accompany dilution with water (Experiment 6). Freshly 
dialyzed CO product was also unstable in this way; in Experiment 
13 a solution was taken directly from dialysis for diffusion in 
0.015 n KOH. It is believed that the aggregation of the meta- 
stable CO product into larger colloidal particles causes this, a 


TABLE VI 
CO Product Solutions Studied 
Product | Nitrogen | pH Period dialyzed 

mg. per cc. | days 
183 | 0.55 8.8 5.5 
184 0.45T 9.0 | 5 
188* 0.36 : 9.0 | 10 
197 0.43 8.9 | 17 
230 0.67 9.0 | 7 
332 0.89 9.4 | 7 


Solution 184 after 5 days additional! dialysis. 
t Calculated from values for 188 and the dialysate. 


belief which is supported by the low diffusion constants, parallel- 
ing the observed increase in Tyndall effect. ‘The instability of 
the dialyzed solution is doubtless due to the absence of the sta- 
bilizing influence of protein hydrolytic products. Only those 
diffusion constants in salt-free water are accepted as relating to 
the original unaggregated form of the CO product. That the 
CO product also slowly aggregates in salt-free solutions is shown 
by the continual fall in osmotic pressure after a maximum has 
been reached (Fig. 1, and Table V, Experiment 15). The CO 
product after 133 days osmosis was transferred directly to the 
diffusion cell and its rate of diffusion against the outside osmotic 
iquor determined. The red inner solution was very cloudy, and 
some residue was present on the bottom of the cell. The maxi- 
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mum osmotic pressure of this solution had been reached after 
5 days and corresponded to a molecular weight of 2020; at this 
time the molecular weight calculated from diffusion against water 
would lie near 450 (Table V). After 133 days the osmotic pressure 
was equivalent to a molecular weight of 16,300, and now its dif- 
fusion constant equaled 13,000. 


DISCUSSION 


The methods of diffusion and osmotic pressure do not give 
wholly satisfactory results under the best conditions. With 
such an unstable material as CO product the results may be 
subject to question, but, in the absence of better information, 
must be considered. 

In the classical osmotic studies of Adair on hemoglobin it was 
found that reproducible values were obtained with buffered solu- 
tions at the isoelectric point (13) or in salt-free solutions (14). 
The tendency of the CO product to aggregate on dilution with 
electrolyte solutions excludes experiments at the buffered iso- 
electric point; simultaneously are eliminated complications from 
the Donnan effect. The salt-free solution from dialysis should 
give acceptable values in the absence of high molecular fragments 
and of ionic forces. ‘The first factor may be excluded by the low 
pressures of the mother liquor after acetic acid precipitation of 
the product. Adair’s acceptable values with salt-free hemoglobin 
indicate that ionic forces are negligible with the almost neutral 
protein. One hesitates to extend this, however, to the CO prod- 
uct, whose purified solution has a pH of 9, although the alkalinity 
may not be contributed by the product itself. 

The diffusion constant of the CO product against electrolyte- 
free water is high, the calculated molecular weights being cor- 
respondingly low. The average value found was 0.42 sq. em. 
per day, comparable with 0.38 sq. em. per day for sucrose. 

The effect of coulomb or ionic forces on diffusion rates has been 
treated by Bruins (15), Hartley and Robinson (16), and Heidel- 
berger and Kendall (17). Hartley and Robinson were concerned 
with colloidal electrolytes, in particular dyes. The increased 
charge resulting from aggregation of such particles effects an 
increase in the diffusion rate contrary to that to be expected 
from the Stokes-Einstein equation. Addition of readily diffusible 
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electrolytes to the solution reduces this potential gradient, giving 
a true value only when the conductance of solution is sufficiently 
high to destroy it completely. The original high diffusion rate 
of our CO product in electrolyte-free solution may be due to such 
a charge on the particle and the electrical gradient thus set up. 
Aggregation has, however, a decidedly different effect. When 
this occurs as a result of long standing (Experiment 15, Table V), 
without addition of electrolytes, the diffusion constant falls. 
The electrical gradient is not enhanced, but a neutralization of 
charges occurs. After this process has taken place, the molecular 
weights from osmosis and diffusion agree (16,000 and 13,000). 
The effect of added electrolytes is hardly analogous to that dis- 
cussed by Hartley and Robinson. The solution shows a Tyndall 
increase as it does under salt-free aggregation, and the discordant 
values for the diffusion constants give molecular weights from 
6000 to 400,000, with no limiting figure. 

Ionic forces may therefore be considered a real factor here in 
determining the rate of diffusion. Diffusion across such a perme- 
able membrane as that used is treated as if actuated by the gradi- 
ent osmotic pressure within the cell. Accordingly the osmotic 
pressures observed with the CO product also must be viewed with 
the possibility of ionic interference. 

In spite of these factors which have to be considered in inter- 
preting the experimental data, there is general agreement in the 
figures from different sources. ‘The minimum molecular weights 
from iron content, 1060, and from residual weight after dialysis, 
1300, and the figures from osmosis, 2180, 2020, and 1240, indicate 
a value acceptable for a one or two heme fragment. ‘The values 
from diffusion constants also are in accord with a relatively 
small weight. The agreement between osmotic and diffusion 
figures after aggregation (13,000 and 16,000) shows that the origi- 
nal product cannot be of this magnitude. The possibility that 
the CO product is a result of resynthesis formed from the recom- 
bination of many hemes with a large fragment of undigested 
protein is thus discredited. Were the mean value of 450 off by 
a factor of 10, the result would still permit a four heme fragment; 
even this factor would appear too great from the data at hand. 

These studies have therefore not only failed to produce evidence 
against the theory that pancreatic CO hemoglobin digestion 
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proceeds without rupture of the original heme-globin linkage, but 
make it appear likely that the resulting fragment contains one 
or two heme groups associated with a polypeptide of 500 or 1000 
size, respectively. 

A true determination of the particle size of the CO product is 
a desirable objective as a means of determining the position of the 
four heme residues within the native hemoglobin molecule. 
Should this fragment contain two hemes, which is most probable 
from our data, strong evidence would be given that the hemes are 
placed in pairs along single protein chains with only 8 to 10 amino 
acid residues between them. Each of the half molecules of Burk 
and Steinhardt would thus contain a heme pair. On the other 
hand a figure of four minimal weights would support uneven 
distribution of the hemes between the half size molecules. It 
is hoped that the study of the amino acid residues present in the 
protein fragment, which is now in progress, will give more positive 
proof for or against the two heme figure. 


SUMMARY 


Minimum molecular weights for the product from pancreatic 
digestion of CO hemoglobin are 1060, based on the iron content, 
and 1300, on the non-dialyzable residue. 

Data from osmotic pressure determinations and from diffusion 
experiments are in agreement with a molecular weight of once 


or twice this value. 
The product appears to contain the original heme-protein 


linkage of hemoglobin. 
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XI. ISOLATION AND DETECTION OF a-CAROTENE, AND THE 
CAROTENES OF CARROT ROOTS AND OF BUTTER 


By HAROLD H. STRAIN 


(From the Carnegie Institution of Washington, Division of Plant ee 
Stanford University, California) 


(Received for publication, August 11, 1938) 


Contradictory reports concerning the a-carotene content of 
butter (1-3) have prompted a reexamination of the methods 
for estimation of carotenes. This has led to a redetermination 
of the carotenes of carrots, of leaves, and of butter obtained from 
cows fed various proportions of carotene 1somers. 

The most sensitive and specific method for the detection of 
a-carotene is chromatographic adsorption. With specially pre- 
pared magnesia as adsorbent (to avoid alteration of the caro- 
tenoids by adsorption and to eliminate losses by crystallization) 
(1, 4) it has been possible to demonstrate changes in the a-carotene 
content of butter not detectable by other methods. 

The occurrence of a-carotene in butter is dependent upon the 
a-carotene content of the rations fed the cows. The presence 
in butter of other carotene isomers and of the colorless, weakly 
adsorbed, fluorescent substances found in leaves (5) likewise 
depends upon the quantities of these materials contained in the 
rations of the animals. 

Convenient sources of carotene isomers and of the weakly 
adsorbed, fluorescent leaf constituents for feeding experiments 
are carrots and extracts of carrots. In addition to a-, B-, y-, 
and 6-carotene, carrots contain relatively large amounts of a 
carotene with spectral absorption properties similar to those of 
the flavoxanthins (6-10). This flavoxanthin-like carotene, which 
does not occur in appreciable quantities in leaves, and which is 
isolated readily by adsorption of saponified carrot extracts, is 
easily detectable in butter by spectrophotometric methods. 
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Methods 


Two independent methods have been utilized for determination 
of the carotenes of leaves, carrots, and butter; namely, chromato- 
graphic adsorption (magnesia) (1, 4) and spectral absorption 
(photoelectric) (11). Spectral absorption properties of pure 
chemical compounds are usually represented by plotting the 
logarithm of the molecular extinction coefficient log KF = log 
(log Jo — log J) + Le] against the wave-length. J and J are, 
respectively, the transmission of light by L em. of solvent and 
solution and c is the concentration of pigment in moles per liter 
of solution. In case the pigments cannot be isolated in a high 
state of purity, considerable information concerning the properties 
of the mixture may be obtained from the shape of the so called 
characteristic absorption curve, the plot of log (log Jo — log J) 
against the wave-length (12). Alteration of the composition 
of the pigment mixture is accompanied by change in shape of the 
characteristic absorption curve. 

In order to compare the absorption properties of pigment mix- 
tures contained in natural products such as leaves and butter 
with those of pure pigments, it is convenient to express the absorp- 
tion as log s = log [(log J) — log J) + Lc] where c is expressed in 
gm. of material (e.g., butter) per liter of solution ((8) p. 125). 
Such curves have the same shape as the characteristic absorption 
curves, and, when the extinction coefficients of the pure pigments 
are known, the concentration of each pigment in the mixture may 
be calculated. Comparison of the shapes of different absorp- 
tion curves is facilitated by addition of a constant, k, to the val- 
ues of log # or log s. 


Results 


Separation of a- and B-Carotene by Adsorption The minimum 
quantity of a-carotene that can be detected in the presence of 
6-carotene varies with the size of the special magnesia (4) adsorp- 
tion columns and with the amount of the mixture adsorbed. 
With columns 0.7 cm. in diameter it is possible to isolate a-carotene 
from mixtures containing as little as 0.02 per cent of the a isomer 
provided 9 to 10 mg. of the mixture are adsorbed. 

Carbon tetrachloride may be used instead of petroleum ether 
as a solvent for separation of carotenes by adsorption. The 
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adsorbed carotene is eluted completely with ethanol, and about 
90 per cent of the separated carotenes is recoverable in crystalline 
form. 

The reaction between magnesia and adsorbed 8-carotene was 
followed spectroscopically. Equal quantities (5 mg.) of nearly 
pure §-carotene were adsorbed from various solvents upon col- 
umns 1.2 by 10 em., composed of magnesia and siliceous earth 
(1:1). After some time, the pigments were eluted with 30 ml. 
of solvent containing a little ethanol. This solution was diluted 
with ethanol and the absorption of the pigments (based upon the 
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Fic. 1. Characteristic absorption curves of 8-carotene adsorbed on mag- 


nesia from n-heptane and of 8-carotene heated in ethanol. Solvent, 
ethanol. 


quantity of carotene originally adsorbed) was compared with 
that of the unadsorbed carotene (Fig. 1). At 20° 8-carotene 
is altered but slightly by adsorption on magnesia for 1.5 hours 
from n-heptane, and about 97 per cent of the pigment is eluted 
with ethanol. At 70° adsorption on magnesia for 1 hour from 
n-heptane causes decomposition of the carotene similar to that 
which occurs when solutions of carotene are heated (Fig. 1). 
Similar results were obtained when carbon tetrachloride was 
used as solvent. 

Decomposition of 8-carotene in ethanol by the action of heat 
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is illustrated by Fig. 1. a-Carotene is decomposed in a similar 
way when heated in sealed tubes with pyridine, but it is not 
converted into §-carotene, as shown by chromatographic adsorp- 
tion of the products. 3 

a-Carotene is also decomposed by very strong alkalies such 
as a solution of potassium amide in liquid ammonia but it is not 
converted into 6-carotene. 

Carotenes of Carrots and of Leaves—-Carrot roots that had been 
in storage for some time (27.3 kilos) were sliced, extracted with 
water (13), dried in air, reduced to a fine powder in the ball mill, 
and extracted with petroleum ether (5 liters) which was subse- 
quently concentrated to about 750 ml. This concentrate was 
treated at 20° with potassium hydroxide (50 gm.) dissolved in 
methanol (250 ml.). Petroleum ether (1.5 liters) and water 
(100 ml.) were added to the carotene solution and the aqueous 
layer which separated was removed. The petroleum ether layer 
was extracted repeatedly with methanol (90 per cent), then with 
water, and concentrated to about 250 ml. This solution was 
passed through a magnesia adsorption column (Column I) (6.7 
by 37 em.) (4) which was then washed with petroleum ether 
until the a- and 6-carotene were carried through. The percolate 
containing the a- and 6-carotene was collected in portions of 
about 150 ml., and these were passed successively through another 
column 6.7 by 37 cm. In this way the a- and 6-carotene were 
separated from each other. No indications of an isomerization 
of a-carotene were observed (3). Relatively very large quantities 
of colorless fluorescent substances similar to those found in leaves 
(5) were adsorbed below the a-carotene. These materials were 
isolated as oils which oxidized rapidly in air and did not crystallize 
from methanol. Below the fluorescent compounds on the adsorp- 
tion column there appeared small quantities of a carotenoid pig- 
ment which resembled a pigment previously separated from 
palm oil (4) and from the tops of the white carrot (1). 

Column I, after having been washed with petroleum ether as 
described already, contained four definite bands of adsorbed 
earotenes. Near the top of the column was a rather indefinite 
orange-red band about 3 cm. wide (Band I). Near the center 
of the column was a red-orange band about 3 cm. wide (Band 
II). Below this band was a white space about 1 ecm. wide and 
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below this was a yellow band about 2 em. wide (Band III). The 
lower 12 cm. of the column were lemon-yellow (Band IV). The 
pigment from Band I (eluted with ethanol) did not exhibit 
well defined absorption maxima and minima. The characteristic 
absorption curve of the pigment from Band II (A maxima 
435, 460, and 490 my in petroleum ether) indicated that 
this carotene was identical with y-carotene (14). The pigment 
from Band III exhibited absorption maxima at 428, 454, 
and 484 mu and absorption minima at 439 and 474 mu, in- 
dicating that it was 6-carotene (15). Since considerable quantities 
of the pigment from Band IV were present, the solution of the 
eluted pigment was concentrated, and the pigment itself was 
crystallized by the addition of methanol to the concentrated solu- 
tion. ‘These crystals, which were orange-colored, contained color- 
less impurities which did not dissolve in acetone. The character- 
istic absorption properties of a solution of the crystals in petroleum 
ether are shown in Fig. 2. This carotene exhibits many reactions 
characteristic of the carotenoids. It is oxidized very rapidly to 
colorless substances upon exposure to air. It is much more 
soluble in petroleum ether than in 90 per cent methanol. With 
sulfuric acid and with antimony trichloride in chloroform it forms 
blue solutions which do not exhibit definite absorption maxima. 
In ether solution, the carotene does not form colored products 
with concentrated hydrochloric acid. The wave-lengths of the 
absorption maxima of this pigment in solution in carbon disulfide 
are 423 and 454 mu. This is considerably different from the 
wave-lengths of the absorption maxima of a strongly adsorbed 
carotene separated from carrots by Karrer, Schépp, and Morf 
(10). The pigment appears to be identical with a carotene first 
detected in carrots by the spectroscopic investigations of van 
Stolk, Guilbert, and Pénau (9). 

All the substances described in the preceding paragraphs were 
also isolated from a technical preparation of carotene dissolved 
in cottonseed oil. This carotene, which was fed to cows as de- 
scribed in the following section, was prepared by concentration 
of an extract of carrots; hence loss of carotene isomers by erystalli- 
zation was avoided. 

Characteristic absorption properties of carotene mixtures ob- 
tained from various plant parts are reported in Table I. About 
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20 gm. of plant material were extracted with ethanol. Fats and 
chlorophylls in the extracts were saponified with potassium hy- 
droxide and the carotenoids were transferred to petroleum ether, 
which was then extracted repeatedly with methanol (90 per cent) 
in order to remove the xanthophylls. Characteristic absorption 
properties of the petroleum ether solutions were then determined.. 
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Fic. 2. Extinction coefficients of a- and §-carotene; values at left of 
figure. Characteristic absorption curve of the flavoxanthin-like carotene 
from carrots and specific absorption curve of butter (from Cows A and B) 
before and after heating; values at right of figure. Solvent, petroleum 
ether. 


For comparison with 8-carotene, the values of the characteristic 
absorption values have been made equal at 480 mu, the wave- 
length at which the absorption values of a- and #-carotene are 
equal (Fig. 2). It is only the carotenes from carrot roots that 
contain large quantities of the pigment which exhibits strong ab- 
sorption at short wave-lengths. 

Extinction Coefficients of a- and §8-Carotene—The molecular 
extinction coefficients of a- and 8-carotene, dissolved in petroleum 
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ether (b. p. 55-65°), are recorded in Fig. 2. These results are 
in moderately good agreement with absorption coefficients re- 
ported by Peterson, Hughes, and Freeman (16) and by Clark and 
Gring (17). 

Carotenes of Butter--When Jersey cows were fed rations (beet 
pulp, alfalfa pasture, and alfalfa hay) containing 6-carotene as the 


TABLE I 


Characteristic Absorption Properties of Carotene from Various Sources; 
Solvent, Petroleum Ether 


The results are expressed in log s + k as defined under “‘Methods.”’ 


Carrot Incense 
Wave- hite _— Tobacco cedar 
length , carrot flower leaves branch- 
Tips Centers Crowns a leaves leaves lets 
of roots of roots of roots . ; 
mis 


405 | 4.874 4.842 | 4.919 | 4.755 4.737 | 4.740 | 4.750 | 4.767 
480 5.073 | 5.073 | 5.073 | 5.073 | 5.073 | 5.073 | 5.073 | 5.073 
490 4.838 4.839 | 4.825 4.865 4.892 4.902 4.891 | 4.823 


TABLE II 
Carotene (a Plus 8) Content of Butter (Calculated from Absorption at 480 My) 
and a- and B-Carotene Content of Butter (Determined by Absorption after 
Separation of the Pigments by Adsorption) 


Cows A | | 
and B Cow A | Cow B 


Per 100 gm. butter 


Alfalfa, Beet pulp, | 


Carrots, | Beet pulp, | Carotene, 
beet pulp cottonseed 


beet pulp, | beet pulp, 
mg. mg. | mg. | mg. | mg. 
a-Carotene. .. 0.0043 | 0.069 | 0.043 


8-Carotene. ._. 


| 0.206 
principal constituent of the carotene mixture for more than 30 
days, the butter carotene was composed almost entirely of ,- 
carotene (Fig. 2; Table II). Petroleum ether-soluble, fluorescent 
compounds which are adsorbed below a-carotene (6) were not 
detectable by adsorption. The same cows given rations con- 
taining reduced quantities of carotene (beet pulp and cottonseed 
meal) for the following 19 days produced butter containing small 
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Fic. 3. Characteristic absorption curves of butter before and after 
feeding Cow A carrots and Cow B carrot root carotene. 
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Fic. 4. Characteristic absorption curves of carotenes isolated from 
butter after feeding Cow A carrots and Cow B carotene. 
leum ether. 
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quantities of carotene consisting principally of the 8 isomer (Fig. 
3; Table II). Addition to the rations of substances rich in a- 
earotene, the flavoxanthin-like carotene, and the fluorescent 
substances referred to above resulted in the excretion of all these 
substances in the butter, as indicated by increased absorption 
of the butter at short wave-lengths (Fig. 3) and as proved by 
isolation of the pigments by adsorption followed by determination 
of their characteristic spectral absorption (Fig. 4; Table II). 
(Cow A received carrots with tops, 150 pounds for 3 days, and 
carrots, 370 pounds for 4 days. Cow B received beet pulp, cotton- 
seed meal, and approximately 2 gm. of carotene in cottonseed oil 
daily for 9 days.') 

For determination of the absorption properties of butter, the 
freshly churned fat was melted at 50° and permitted to stand 1.5 
hours in order to remove the buttermilk. This rendering did not 
alter the butter carotene (Fig. 2). Samples of the rendered fat 
(6 to 12 gm. dissolved in petroleum ether, filtered, and diluted 
to 100 ml.) were used for the spectrophotometric measurements. 

For separation of the butter carotenes by adsorption, rendered 
butter (about 500 gm.) was dissolved in twice its volume of ab- 
solute ethanol and allowed to stand at 2—5° overnight. Crystals 
which separated were removed, washed, and the filtrate treated 
with a large excess of potassium hydroxide dissolved in methanol. 
After several hours, the pigments were transferred to petroleum 
ether which was extracted with methanol (80 per cent) and with 
water, dried, concentrated to about 10 ml., and adsorbed on 
magnesia and siliceous earth columns 2 by 13 em. The quantities 
of carotene isolated from the column (Table II) include the losses 
due to removal of the colorless materials, to partition, and to 
adsorption. 


DISCUSSION 


Estimation of the various carotenoids in natural products 
depends upon utilization of methods which do not alter the relative 
proportions of these pigments and which do not decompose the 
pigments themselves. When these precautions are taken, analy- 


1 These feeding experiments were carried out under the supervision of 
Dr. H. R. Guilbert, at the Department of Agriculture of the University of 
California at Davis. 
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sis of carotenes from carrots reveals the presence of a pigment 
which exhibits an absorption spectrum similar to that of the 
flavoxanthins. Since this substance has not yet been isolated 
in a high state of purity, the exact quantity present in carrots 
cannot be determined, but, if one assumes that the extinction 
coefficients of this pigment at maximum absorption are equal 
to those of a-carotene at maximum absorption, then the amounts 
of these two pigments must be approximately equal. The absence 
of this flavoxanthin-like pigment from carrot and sunflower leaves, 
which vary greatly in a-carotene content, indicates that its pres- 
ence in natural products is not proportional to the a-carotene 
content. 

Since the carotenes of butter vary with those ingested by the 
animals, investigations of the butter pigments must be supple- 
mented by investigations of the carotenes of the rations. Oc- 
currence of only §-carotene in butter after cows had received 
principally this pigment in the rations indicates that carotenes 
are not interconvertible in the cow. The proportions of the 
carotene isomers isolated from butter after cows had been fed 
carrots were similar to the proportions of the carotenes in the 
rations. The rapidity with which carotenes of carrot roots are 
transferred to butter suggests that carrots may be used as a source 
of vitamin A in milk and butter in northern and arid regions 
when green fodder is not available. 


It is a pleasure to acknowledge many helpful suggestions made 
by Dr. H. A. Spoehr and Dr. J. H. C. Smith and the assistance 
rendered by Dr. H. R. Guilbert in supervising the feeding experi- 
ments and in collecting the butter. 


SUMMARY 


Carrots contain considerable quantities of a carotene pigment 
the spectral absorption properties of which are similar to those 
of the flavoxanthins. This pigment does not occur in appreciable 
amounts in leaves. Carrot roots are also an excellent source of 
the colorless, weakly adsorbed, strongly fluorescent substances 
first isolated from leaves. 7 

The carotenes of butter are dependent upon those contained 
in the rations of the cows. The weakly adsorbed, fluorescent 
constituents of ingested carrots also appear in the butter fat. 
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OF MANGANESE IN BIOLOGICAL MATERIALS* 
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(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison) 


(Received for publication, August 15, 1938) 


In our studies on perosis in chicks, it was found desirable to be 
able to determine small amounts of manganese of the order of 
0.1 to 10 micrograms. Such a method was necessary for the de- 
termination of manganese in bones, blood, and similar materials. 
The formaldoxime method of Sideris (1) was found unsuitable, 
as the determination is carried out in alkaline solution. Under 
these conditions phosphates precipitate, causing a masking and 
adsorption of the color. The standard method in which the man- 
ganese is oxidized to permanganate and the color thus developed 
compared with a standard was not sufficiently sensitive. The 
smallest amount detectable with the use of an Evelyn photoelec- 
tric colorimeter and a 5200 A. filter was 25 micrograms in 25 ce. 

In 1913 Dietz (2) and later Feigl (3) and Olszewski (4) described 
a very sensitive qualitative test for manganese. In alkaline solu- 
tion manganese dioxide and the permanganate ion oxidized ben- 
zidine to give a blue color. With this test it was possible to detect 
1 part of manganese in 250,000,000. Stratton and coworkers 
(5) in 1932 and Clark in 1933 (6) suggested the use of benzidine 
for the quantitative determination of permanganate. However, 
the blue color obtained was found to fade in 2 minutes, thus seri- 
ously limiting the method. 

Fundamentally, the method depends on the oxidation of ben- 
zidine. In dilute solutions of oxidizing agents the meriquinoidal 


* Published with the approval of the Director of the Wisconsin Agri- 
cultural Experiment Station. 

Supported in part by a grant from the Wisconsin Alumni Research 
Foundation. 
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type of compound (7) is formed, which is green in acid and blue in 
neutral solution (8). When a neutral solution of dilute perman- 
ganate was added to a solution of purified benzidine in 5 per cent 
acetic acid, a deep blue color developed. Attempts to evaluate 
the color by means of the Evelyn photoelectric colorimeter and a 
6600 A. filter met with failure, as it was found that the color de- 
veloped started to fade immediately on formation. Thus accu- 
rate estimations of the small amounts of manganese present were 
impossible. 


TABLE | 
Stability of Color for Various Amounts of Manganese 


Galvanometer deffection 
1 microgram | 5 micrograms | 10 micrograms 

min. | 
1 75} 40? 163 
2 743 35! 14 
3 74! 33° 12! 
4 74) 33 12! 
5 74! 323 12 
6 74: 32? 12 
7 742 32? 12 
8 74? 32? 12 
9 743 32? 12 
10 75 32? 12 
ll 75 323 12! 
12 76 | 33 12! 
13 33 12? 
14 33! 12? 
15 12° 


However, when solutions of benzidine were added to perman- 
ganate solutions made strongly acid with nitric acid, a yellow- 
green color instead of the blue was obtained. In tests of this 
color with the photoelectric colorimeter, with a 4200 A. filter, it 
was found to be a great deal more stable. Table I shows the 
relative stability of the color developed with various amounts of 
manganese. From these data it is seen that the maximum color 
develops in from 3 to 5 minutes and that the color is stable for 5 


minutes. 
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It was decided to carry out the determination in nitric acid 
solution. Sulfuric acid could not be used, as sulfate forms a 
precipitate with benzidine, and hydrochloric acid was also un- 
desirable, as it reduces permanganate ion and yields free chlorine 
in the presence of oxidizing agents. 

As other oxidizing agents give the same color with benzidine (2), 
this reaction is not specific for permanganate. In the determina- 
tion Manganous ion must be oxidized to permanganate ion, and 
the reagent chosen for this oxidation must be one which will not 
leave any excess oxidizing agent to come in contact with the 
benzidine. For this purpose sodium bismuthate was selected, as 
it readily decomposes in acid solution, leaving insoluble bismuth 
oxide, which can be easily filtered off. : 

The following metals, cerium, cobalt, nickel, thalium, and 
silver, as their hydrated oxides have been found by Feigl (3) to give 
the same blue color with benzidine. When salts of these metals 
were used in our regular procedure, no color was obtained. Ferric 
iron (3) and copper were also found not to interfere with the de- 
termination. 

However, chlorides (and other halides) do interfere by the for- 
mation of free chlorine (5) on treatment with the oxidizing agent 
and hence it is necessary to remove them from the sample. Silver 
nitrate was used, but here again trouble was encountered. The 
excess silver ion reacts with sodium bismuthate to form an un- 
stable complex of silver bismuthate which is soluble in dilute nitric 
acid solution (9). This allowed some oxidizing agent to pass 
through the filter and react with the benzidine, thus yielding high 
results. We have also observed a similar effect with cobalt. 
However, with concentrations of cobalt up to the order of 20 
times that which would ordinarily be found in biological material 
no interference was encountered. It is necessary, therefore, to 
remove the chlorides by adding an excess of nitric acid and evap- 
orating to dryness on the hot-plate, care being used to prevent 
spattering. Two to three evaporations are sufficient to free the 
sample from chlorides. 

The nitric acid used must be free of oxides of nitrogen, as these 
react with benzidine to form interfering colors. These oxides are 
easily eliminated when the nitric acid is boiled with sodium bismu- 
thate. 
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Another difficulty encountered was the fading of the perman- 
ganate after filtering off the sodium bismuthate and before adding 
the benzidine. It was found simpler to filter directly into the 
colorimeter tubes containing the benzidine solution, and thus no 
loss occurred owing to fading of permanganate. 


Procedure 

Reagents— 

Redistilled water throughout. 

Benzidine (p-diaminobiphenyl). A 1 per cent solution in 5 
per cent acetic acid, stored in a dark bottle. The benzidine was 
purified (10) as follows: ‘‘20 gm. of benzidine were dissolved in 
150 ee. of 70 per cent aleohol (7 volumes of 95 per cent alcohol 
plus 3 volumes of water) at about 70°, allowed to crystallize in the 
refrigerator, filtered with suction, and washed with a little cold 50 
per cent aleohol. The crystals were redissolved in about 135 ce. 
of 70 per cent alcohol.” 1 gm. of carbon was added and after 
further heating, filtered hot on a hot water funnel through paper 
previously washed with some hot alcohol. ‘‘Finally the flask 
and filter were washed with about 30 cc. of warm 50 per cent al- 
cohol. The filtrate was cooled in the refrigerator, and the ben- 
zidine filtered with suction, and dried in a dark place.”’ The air- 
dried substance contained water and traces of carbon which were 
removed by recrystallization from dry benzene. The product 
was stored in a bottle of brown glass. 

Nitric acid (concentrated) free from all traces of oxides of nitro- 
gen. 

Sodium bismuthate, NaBiQOs. 

Shredded asbestos, purified by boiling with HNO; and washing 
thoroughly with redistilled water. 

Standard manganese solution containing 1 microgram per cc., 
made by proper dilution of a solution containing 0.1 mg. per ce. 


Method 


A sample containing approximately 1 to 10 micrograms of 
manganese is weighed out and ashed in a well extracted porcelain 
dish at cherry-red heat. The ash is taken up in 3 to 5 cc. of con- 
centrated HNO; and 10 ec. of water. The mixture is heated to 
boiling to permit thorough extraction of the ash and transferred 
quantitatively to a 100 cc. beaker. It is then evaporated to dry- 
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ness on a hot-plate, again taken up in 3 to 5 ee. of concentrated 
HNO; and 10 cc. of water, and again evaporated to dryness. This 
procedure is carried out a third time. The sample, which should 
now be free of chlorides, is taken up in 3 ce. of concentrated 
HNO; and 10 ce. of water and warmed slightly to bring into solu- 
tion. Allow to cool and add approximately 0.2 gm. of sodium 
bismuthate; heat and allow to boil for 2 to 3 minutes. Cool to 
below 30° (11), add 0.3 to 0.5 gm. of sodium bismuthate, mix 
thoroughly, and let stand a few minutes to allow the excess sodium 
bismuthate to decompose. The excess sodium bismuthate is 
filtered off through a Gooch crucible. The Gooch crucible and 
suction flask are so arranged that the solution filters directly into 
the colorimeter tube containing 2 drops of the benzidine solution 
in 3 cc. of redistilled water. The solution is made up to a volume 
of 25 ec. (the colorimeter tubes having been previously calibrated 
to this volume) and thoroughly mixed. A yellow-green color 
develops which is read at the end of 5 minutes on the Evelyn 
photoelectric colorimeter with a 4200 A. filter. Blanks prepared 
by using the same amounts of nitric acid and sodium bismuthate 
should be water-white. 

It has been found possible to perform six to eight filtrations 
through the same filter and then read the colors developed on the 
colorimeter. In this way thirty to forty determinations can be 


read in 1 hour. 
Results 


Known solutions of manganese were analyzed; the amounts of 
manganese found are given in Table II. The best results are 
obtained when the sample contains from 1 to 10 micrograms of 
manganese. 

Several samples of food mixtures were analyzed by this proce- 
dure and that described by Skinner and Peterson (12). The re- 
sults obtained are as follows: 


Sample No. Method No. of determina- | in found per gm. 
micrograms 
R604 Periodate 2 3.35 
R604 Benzidine 6 3.36 (3.2-3.6) 
R610 Periodate 2 3.8 
R610 Benzidine 3 3.92 
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TABLE II 
Analysis of Known Solutions for Manganese Content 


Mn taken | Mn found 
0.1 0.13 | 
0.25 0.2] 
0.5 0.61 
1.0 1.2 
2.0 2.0 
4.0 4.1 
5.0 | 5.1 
7.0 | 7.0 | 
10.0 | 9.95 | 
12.0 | 12.3 
15.0 | 15.4 
TABLE III 
Recoveries Obtained with Added Manganese 
Weigh Mn i Added 
red gm. | micrograms micrograms micrograms | per cent 
604 5 | 88.7 20 
604 5 38.0 20 19.5 97.5 
610 5 39.8 20 20.3 102 
610 1 7.11 3 3.2 106 
CaCO; 1 112.0 50 49 98 
Ca;3(PO,): 0.5 29.5 5 5 100 
NaCl 5 8.9 5 4.6 92 
Calcium lactate 0.5 10.7 5 4.65 93 
TABLE IV 
Analysis of Bone for Manganese Content 
Ration Weight of bone Mn found | Mn per gm. bone 
| gm. micrograms micrograms 
Low Mn 2.40 5.62 2.34 
1.65 3.15 1.92 
0.54 0.76 1.42 | 
1.50 2.94 1.96 
oe 1.42 3.34 2.35 
1.52 3.63 2.39 
Mn added 0.97 3.63 3.74 
1.88 10.70 5.70 
1.68 6.79 4.04 
1.42 8.94 6.31 
| 1.86 | 8.45 4.54 
2.07 | 7.46 3.60 
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Known amounts of manganese were added to the various sam- 
ples; the recoveries obtained are shown in Table III. 

Individual bone samples of chickens were analyzed for their 
manganese content. One group received a low manganese ration; 
the other the same ration plus 50 parts per million of added man- 
ganese. ‘The results obtained are shown in Table IV. 

Preliminary determinations were made on the blood of chickens 
receiving the same rations as above, the results of which are as 
follows: 


Ration 


| Weight of blood | Mn found | Mn per 100 gm. blood 
gm. micrograms | micrograms 
Low Mn 44 | 3.4 | 8.00 


Added Mn 37 5.95 16.00 


In all our work the Evelyn photoelectric colorimeter was used. 
Since some laboratories may not be equipped with this instru- 
ment, the applicability of the method was studied with the Dubosq 
colorimeter. It was found possible to determine between 2 and 
15 micrograms of manganese with this instrument. This pro- 
cedure is neither as sensitive nor as rapid as with the use of the 
Evelyn photoelectric colorimeter. 


SUMMARY 


A method for the determination of 0.1 to 10 micrograms of 
manganese with the Evelyn photoelectric colorimeter has been 
described. Recoveries ranging from 92 to 106 per cent have been 
obtained. 
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RADIOACTIVE PHOSPHORUS AS AN INDICATOR OF 
PHOSPHOLIPID METABOLISM* 


V. ON THE MECHANISM OF THE ACTION OF CHOLINE UPON 
THE LIVER OF THE FAT-FED RAT 


By I. PERLMAN anp I. L. CHAIKOFF 


(From the Division of Physiology of the Medical School, University of 
California, Berkeley) 


(Received for publication, October 31, 1938) 


One of the curious findings in lipid metabolism is the action 
of choline on fatty livers. Hershey (1) first showed that lecithin 
had a striking effect upon the liver of the depancreatized dog 
maintained with insulin, but it remained for Best and his coworkers 
(2, 3) to demonstrate that its action in reducing the fat content 
in the liver in this preparation as well as in the rat fed a high fat 
diet was due to its choline content. The curative and preventive 
action of choline upon the fatty liver of the depancreatized dog 
receiving insulin has been confirmed by Kaplan and Chaikoff (4), 
who have shown that its action in this respect is a slow one and 
that the daily feeding of large amounts for long periods is re- 
quired to produce measurable changes in the lipid content of the 
liver of the depancreatized dog. 

Despite the vast amount of work that has been done with 
choline, no direct experimental evidence has so far been provided 
to explain its action upon lipid metabolism, although a number 
of interesting speculations have appeared. The results of the 
present investigation indicate that choline definitely accelerates 
the synthesis and transfer of phospholipid by the liver of the 
fat-fed rat. This step in the intermediary metabolism of fat has 
been revealed with the aid of radioactive phosphorus, which has 
been previously used in this laboratory for identifying the rates 
of phospholipid turnover in various tissues of the intact animal 


* Aided by grants from Child Neurology Research (Friedsam Founda- 
tion) and from the Research Board of the University of California. 


211 


| 
ast 
i 
= 
it, 
Ry 
* 
3 
3 


212 Phospholipid Metabolism. V 


(5-8). This study again shows the values of the radioactive 
indicator in phospholipid metabolism, for the acceleration in 
phospholipid metabolism produced by choline, although definite 
enough when the phospholipid molecule is radioactively labeled, 
is of such a small order of magnitude as compared with the total 
phospholipid content of the tissue and lasts for so short a time 
that its detection by measuring the total phospholipid content 
of the liver would be extremely problematical. 


EXPERIMENTAL 


The results recorded in this study were obtained from individual 
analyses of 250 rats, the data of 160 of which are shown below. 
The high fat, low protein diet employed consisted of 40 per cent 
butter fat, 50 per cent glucose, 5 per cent extracted casein,' and 
5 per cent salt mixture (9). Vitamin supplements were either 
added to the diet or fed individually to the rats. The vitamin B 
complex? was furnished as a concentrate obtained from rice bran, 
which was supplemented with a clay rich in adsorbed vitamin G. 
A standardized cod liver oil supplied vitamins A and D. Rats 
were maintained on the diet for periods varying from 3 days to 3 
weeks before the administration of choline and radioactive phos- 
phorus. 

The animals were permitted access to food during the entire 
period of observation, which was not interrupted before or after 
the choline feeding. Radioactive phosphorus was administered 
subeutaneously as an isotonic solution of NaeHPO,. Choline 
in the form of its chloride was fed by stomach tube. 

The livers and, in some cases, the small intestines were removed 
at various intervals after choline or phosphorus administration. 
Phospholipids were isolated from these tissues in the manner pre- 
viously described (5). The method by which the phospholipids 


1 The casein used in this study was extracted for several days with in- 
creasing concentrations of methanol, the final extraction being with 90 
per cent hot methanol for 1 day. 

2 Fach rat received approximately 0.10 cc. of the vitamin B concentrate 
per day. This concentrate contained about 50 1. vu. of vitamin B, per ee. 
and 10 modified Bourquin-Sherman units of G (flavin) per ec. The same 
concentrate has also been shown to be a good source of both rat and chick 
antidermatitis factors (10). 
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were mounted and their radioactivity determined has also been 
noted elsewhere (5). 


Results 


Action of Choline in Rats Fed a High Fat, Low Protein Diet 
for 3 Weeks Twenty-four female rats were used in this experi- 
ment. After they had been maintained on this diet for 14 days, 
they were treated as follows: (A) Six rats received 25 mg. of 
choline chloride daily for 4 days. 3 mg. of labeled phosphorus 
in the form of an isotonic solution of NaegHPO, were injected 
subcutaneously at the same time that the last dose of choline was 
given. ‘The livers of the animals were removed for analyses at 
6 and 16 hours after the last administration of phosphorus and 
choline. (B) Six rats were fed 25 mg. of choline chloride daily 
for 8 days, while the injection of 3 mg. of labeled phosphorus in 
the same form as above was made at the time of the last choline 
feeding. ‘The livers were removed at 6 and 16 hours after the 
phosphorus treatment. (C) Twelve rats were used for controls, 
six for Group A and six for Group B. These received no cho- 
line, but the labeled phosphorus was injected subcutaneously 
in amounts equal to and at the same time as that received by their 
respective groups. 

The livers of these rats contained from 6.4 to 20.6 per cent 
total lipids (average 12.4 per cent) at the time they were examined 
for phospholipid activity. 

The amounts of labeled phospholipid found in the whole livers® 
of control and choline-treated rats at two intervals (6 to 16 hours) 
after the administration of radioactive phosphorus are shown in 
Table I. At the 6 hour interval the content of labeled phospho- 
lipid in the livers of the choline-treated rats was definitely above 
that found in the control animals. This was true for the rats 
that received 25 mg. of choline chloride daily for 8 days as well 
as for those that received this amount daily for 4 days. Thus 
the mean values for the percentage of the administered phosphorus 
incorporated into liver phospholipid at the 6 hour interval were 


3 In the present study the activities of whole livers instead of per gm. 
of tissue were compared. Animals were carefully paired according to 
weight and sex. 
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2.36 and 2.12 for Groups A and B respectively, whereas similar 
mean conversion values found in the livers of control animals 
were 1.63 and 1.48. Table I shows that the effect of choline 
is more pronounced 6 hours after being given that at 16 hours. 
At the latter period the differences between the choline-fed animals 
and controls may hardly be considered significant. 


TABLE | 
Effect of Choline on Phospholipid Metabolism of Fatty Livers 


The rats had received a high fat, low protein diet for 18 to 22 days at the 
time the livers were analyzed. 

Activity refers to per cent of administered labeled phosphorus found as 
phospholipid. 


Group B 


Group A | a 
for 4 days | Control} _ Choline-treated for 8 days Control 
| Rat | Activ- | | Rat | Activ- Rat | Activ- 
| ity | No. | “ity | | | ity | No | ity 
ing | | | | feeding | | | 
| 
6 | 8 97] 1.70; 6 | 91 | 1.94) 103 | 1.31 
| 86 | 2.67) 98 | 1.71 | | 92 | 2.23) 104 | 1.79 
| 87 | 2.32} 99 | 1.49 93 | 2.20! 105 | 1.33 
Average.......; 2.36/ 1.63 | 
% increase... 45 | | | | 43 | 
16 88 |1.89| 100 | 1.73 | 16 | 94 |1.49| 106 | 1.45 
| 89 | 2.04) 101 | 1.49 | | 95 | 1.57} 107 | 1.50 
| 90 | 2.06 | 102 | 1.85 | 96 | 1.37] 108 | 1.18 
Average.......| 1.98 | 1.48, «1.36 
% increase.... 18 | | | | 9 | 


Effect of Single Administration of Choline in Rats Fed a High 
Fat, Low Protein Diet for 3 Days—In view of the above finding 
that four daily administrations of choline were as effective as eight, 
it was deemed advisable to study the effect of a single feeding 
of this substance upon phospholipid turnover. Sixteen female 
and eight male rats were fed the high fat, low protein diet for 3 
days, and on the 4th day half of each group was given 3 mg. of 
labeled phosphorus and 30 mg. of choline chloride simultaneously. 
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The remaining twelve rats were given only the phosphorus. All 
twenty-four animals were killed 4 hours after the phosphorus 
administration. ‘The results obtained from the radioactive phos- 
pholipid content, stated as a percentage of the administered labeled 
phosphorus, are shown in Table II. The average values for 
control rats were 2.15 and 2.31 per cent for female and male 
groups respectively. The corresponding choline-treated rats 


TABLE II] 


Effect of Choline on Rats Fed Fat for Short Intervals 


Activity refers to per cent of administered labeled phosphorus found as 
phospholipid. 


Choline-treated 


Controls 
‘RatNo. | Activity |  RatNo. |  Aetivity — 
| 275 | ae 267 2.90 
2.61 
| 277 ee 269 2.85 
2.50 
2.53 
% increase...... | | | 26 
| 292 | 2.30 285 | 3.04 
Average......... | 2.31 | 3.13 


showed average values of 2.70 and 3.16 per cent. Thus the 
differences between the livers of treated and untreated rats are 
comparable with the values observed at the 6 hour interval in 
Table I. 

Duration of Action of Choline—Two separate series, each con- 
taining forty female rats, were maintained on the high fat, low 
protein diet for 14 days, at the end of which twenty of each 
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group were fed 25 mg. of choline chloride daily for 3 successive | 
days. On the 3rd day 3 mg. of labeled phosphorus were injected 
at the same time that the last choline feeding was made. 
Thereafter rats were killed for liver examination at the following 
intervals after the choline administration: 1, 3, 6, 12, and 24 hours. 
The results are shown in Fig. 1 on which each point represents the 
average value obtained from eight separate analyses for individual 
animals. The curves show in a striking manner that the action 
of choline in the acceleration of phospholipid formation in the 
liver takes place over a limited interval of time after choline 
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3 é 9 15 24 
HOURS AFTER CHOLINE FEEDING 

Fia. 1. The duration of the action of a single dose of choline upon the | 
phospholipid metabolism of the liver. The ordinates represent the per | 
cent of administered labeled phosphorus in the phospholipid of the whole 
liver. @, obtained from rats fed choline chloride; O, from rats fed no 
choline chloride. Each point represents the average of eight separate 
liver analyses. 


administration. Practically no effect was demonstrated before 
1 hour. The maximum effect was found between 3 and 8 hours 
after the choline feeding, while at the 12 hour interval the phos- 
pholipid activity of the choline-treated rats approached that 
of the controls. | 

In one series of forty rats the small intestines were also ex- | 
amined for phospholipid activity. Although the choline-treated 
animals maintained a higher phospholipid activity for several 
hours after the choline feeding, the differences from the controls 
are not striking. 

Effect of Varying Choline Dosage upon Phospholipid Turnover— 
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Thirty-two rats were fed the high fat, low protein diet for 3 days 
and then treated as follows: all rats were injected with 3 mg. of 
labeled phosphorus but their choline treatments differed; eight 
rats received no choline but the other three groups of eight rats 
each received 2, 10, and 30 mg. of choline chloride respectively ; 
as in previous experiments, choline and phosphorus were ad- 
ministered simultaneously, and all animals were killed 4 hours 
later. ‘The results are shown in Fig. 2. A definite relation be- 
tween the amount of choline fed and the level of newly formed 
phospholipid is brought out by these data. Thus, under the 
influence of 30 mg. of choline chloride, the livers obtained from 
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CHOLINE CHLORIDE FED-MG. 


Fia. 2. The effect of varying choline dosage upon phospholipid turnover 
in the liver. The ordinates represent the per cent of administered labeled 
phosphorus in the phospholipid of the whole liver. Each point represents 
the average of eight separate liver analyses. 


eight rats showed an average phospholipid activity of 4.0 per cent 
as compared with 3.5 for rats receiving 10 mg. each, 3.2 for those 
fed 2 mg. per rat, and 2.8 for those that received no choline. 


DISCUSSION 


As previously pointed out, the formation and destruction of 
phospholipid can be followed within the animal by means of a 
radioactive isotope of phosphorus (5-8). After entering, the 
labeled phosphorus becomes intimately mixed with similar un- 
labeled molecules, but since the ratio of labeled to unlabeled 
molecules would be difficult to obtain, it has not been found 
possible in this study to determine the total amount of newly 
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synthesized phospholipid; 7.e., the quantity formed from unlabeled 
plus labeled phosphorus. The values obtained for the synthesized 
labeled phospholipid during any interval, however, are directly 
proportional to the total amount formed during this period; hence 
for comparative studies (as regards different tissues within the 
same animal or the same tissue in different groups of animals) 
a measure of the labeled phospholipid synthesized is just as sig- 
nificant as the total phospholipid. Thus the higher labeled phos- 
pholipid values found in the livers of the choline-treated rats as 
compared with the untreated animals show that more rapid 
synthesis and transfer of phospholipid are occurring in the former 
than in the latter. 

Although the difference between the labeled phospholipid con- 
tent of the treated and untreated livers does not exceed 40 per 
cent at the height of the choline action, this difference nevertheless 
assumes considerable significance when it is recognized that 
phospholipid metabolism is a dynamic process in which the newly 
formed phospholipid is rapidly removed. The rapidity of the 
synthesis as well as of the removal of phospholipid from the liver 
has been stressed in previous reports from this laboratory in 
which it was shown that even in the fasted state the liver carries 
on a rapid phospholipid turnover (5). 

A point of fundamental importance is the relatively short 
interval during which the effects of a single administration of 
choline are demonstrable. It was found that a change in phos- 
pholipid activity begins approximately 1 hour after choline inges- 
tion and that its effect is greatly diminished or altogether absent 
about 10 hours later. The effect of choline upon phospholipid 
metabolism also depends upon dosage, for it was found that 
between the limits of 0 and 30 mg. of choline chloride there was a 
relation between the amount fed and the phospholipid response 
(Fig. 2). This provides further evidence for the specific action 
of choline upon phospholipid metabolism. 

Several mechanisms have been suggested to explain the actions 
of choline upon fatty livers. Best, Channon, and Ridout (11) 
consider it most probable that choline speeds up the oxidation 
of fatty acids by the liver itself. Others have attempted to 
show the presence of choline derivatives in liver phospholipid 
after their ingestion. Thus Welch (12) fed an arsenocholine and 
showed its presence in the liver phospholipid, whereas Channon 
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et al. (13), who fed a triethylcholine, failed to identify this in the 
phospholipid isolated from the liver. Such studies, however, 
cannot shed light on the mechanism of the action of choline, for 
at most they can show that dietary choline enters into phospho- 
lipid formation. ‘There is no reason to believe that the organism 
distinguishes between exogenous and endogenous choline every 
time a new phospholipid molecule is being formed. The inclusion - 
of fed choline or one of its derivatives in the phospholipid 
depositied in the liver, while of interest to anyone studying their 
fate in the body, cannot yield information on the rate of phos- 
pholipid turnover by the liver, much less show comparative rates 
before and after choline treatments. 

The fate of two substances remains to be considered: the 
choline administered and the additional phospholipid formed under 
the influence of choline. In regard to the former, it should be 
stressed that, while choline stimulates phospholipid metabolism, 
it does not necessarily follow from the evidence provided here 
that the increased amount of phospholipid synthesized by the 
liver occurs at the expense of the fed choline. Moreover, while 
it would not be profitable to speculate, with our present knowledge, 
upon the ultimate fate of the increased amount of labeled phos- 
pholipid formed under the influence of choline, it has nevertheless 
been shown above that it does not remain in the liver for long. 
It is either broken down (utilized) in the liver or transferred to 
some other tissue. 


We are indebted to Professor EK. O. Lawrence and members 
of the Radiation Laboratory for the preparation of the radio- 
active phosphorus that made this study possible. Assistance 
was also furnished by the Works Progress Administration. 


SUMMARY 


1. The rate of phospholipid turnover was compared in the 
livers of choline-treated and untreated rats with the aid of a radio- 
active isotope of phosphorus. 

2. It is shown that choline speeds up phospholipid metabolism 
in the liver. An increased formation as well as a rapid removal 
of phospholipid was found in the livers of rats after the ingestion 
of choline. 

3. The time during which a single administration of choline 
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speeds up the phospholipid metabolism has been defined. An 
increased phospholipid metabolism appears approximately 1 hour 
after choline ingestion and its effect has disappeared by about 
10 to 12 hours thereafter. 


4. The increase in phospholipid formation is proportional to 


the amount of ingested choline (between the doses of 0 and 30 mg. 
of choline chloride per rat). 
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SPECIFIC AND NON-SPECIFIC CELL POLYSACCHARIDES 
OF A BOVINE STRAIN OF TUBERCLE BACILLUS* 


By ARTHUR E. 0. MENZELt ann MICHAEL HEIDELBERGER 
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In previous communications (1-3) the writers have reported 
on the complex mixture of polysaccharides extracted from defatted 
cells of a human strain, H-37, of the tubercle bacillus. The 
cell polysaccharides of bovine strain, M-1698,! have now been 
fractionated in similar fashion by methods in which the use of 
alkali, mineral acid, and heat is avoided. As difficulties were 
occasioned by the presence of large amounts of polysaccharides 
which did not react with available sera, details are given for 
modifications of the earlier procedure. 


EXPERIMENTAL 


570 gm. of dried, defatted, and ground bovine bacilli, Strain 
M-1698, were percolated with dilute acetic acid containing 0.5 
per cent of phenol. After about 3 months 72 liters of percolate 
were collected; extraction was then continued for about 1? years, 
during which an additional 55 liters of percolate were obtained. 
The two portions were worked up separately as Lots 530 and 531. 
As in the human type preparation (3) all precipitations were 
repeated until material of lower and higher solubilities than the 


* The work reported in this communication was carried out under a 
grant from the Research Committee of the National Tuberculosis Associa- 
tion, Dr. Wm. Charles White, Chairman, and in part under the Harkness 
Research Fund of the Presbyterian Hospital, New York. 

+ National Tuberculosis Association Fellow. 

‘ We are indebted to the Mulford Biological Laboratories of Sharp and 
Dohme, Glenolden, Pennsylvania, Dr. John Reichel, Director, for the 
tubercle bacilli and anti-human, bovine, and timothy strain horse sera 
used. 


221 


we 
a 
* 
Feed 
2 


222 Polysaccharides of Tuberele Bacillus 


fraction taken was eliminated. The by-products obtained in 
this way were added to the appropriate fractions. 

Many of the fractions of Lot 530 contained strongly colored 
impurities, removal of which was often quite difficult. The 
following procedure was usually found effective:? 2 gm. or less of 
the carbohydrate were dissolved in 3 ml. of water and | ml. of 
saturated copper acetate solution was added, followed by methyl 
alcohol in 1 ml. portions until flocculation began. After addition 
of 1 ml. more of methyl alcohol and short standing the suspension 
was centrifuged; the supernatant fluid and two washings with 60 per 
cent methyl alcohol were poured either into an excess of glacial 
acetic acid or into acetone containing glacial acetic acid and LiCl. 
This precipitated the carbohydrate and left most of the Cu’ in 
solution. Residual copper was removed by solution in a little 
water, addition of 3 volumes of glacial acetie acid containing 
2 per cent LiCl, followed by addition of 30 volumes of acetone. 
This process was repeated until the product contained less than 
0.004 mg. of copper, as shown by the absence of yellow color in 
the supernatant fluid. The copper-precipitable portions from 
Fractions B,, Bo, and B; (Flow Sheet III) were combined, freed 
from copper, and isolated as Fraction By, (Table I). 


Lot 5380 


The separation of the principal crude fractions, C, Be, and By, 
corresponding to those obtained from the human strain (38), Is 
indicated in Flow Sheet I. 

Fraction 580 C-—Unlike the corresponding human type carbo- 
hydrate, this product not only gave a portion, C,, precipitable 
at 80 per cent acetic acid concentration, but also contained 
large amounts of more soluble material, precipitable at higher 
concentrations of acetic acid (Flow Sheet IT). 

Fractions 580 B, and B,--The treatment given these crude 
portions of the bovine carbohydrate mixture is indicated in 
Flow Sheet ITI. 

The yields and properties of the various final fractions are 
included in Table I. 

Carbohydrate Fractions Soluble in Strong Acetic Acid (Flow 


2? For another modification of this procedure and isolation of a pigment 
see below. 
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TABLE I 
Properties of Final Polysaccharide Fractions of Bovine Strain M-1698 of 
Tubercle Bacillus 
Precipitin tests after centrifugation are given in parentheses. 


| p n. a 

Fraction No. | Yield la]p | [asses equiv-| N P | Pentose | cite dilution 
alent with Serum 

gm. degrees | degrees | 
530 C, 7.0 | 

Cis* | (0.14); +83 | +104) 800 
| (5.6) | +92 | +108) ++ -—(-) 
Ces 0.01 |+107 | +131! 1200 4.6 +(++) 
Ca 0.40 | +86 | +102) 1300} 0.7/5.0; +(4) 
Cc. 1.72 | +96 | +114) 4500 | 5.1 +++ — |-—(++) 
Coa 0.20 | +92 | +111) 2500 0.7) 4.3) +++ —(++) 
Coa! 0.07 | +95 | +114] 1400 | 0.7 | 7.0 + +} —(-) 
Ca 0.98 | +91 | +111) 1200 | 0.4 | 4.8 + — |+(++) 
Ces 0.52 | +97 +115) 1500 | 0.6! 6.1 +: — | —(+) 
Cre 1.49 | +96 | +115) 1200| 0.6/6.3; ++ | — | —(-—?) 
Ca 0.45 | +98 | +117) 12000} 0.6/6.1) ++ | —| -—(-) 
Cre 0.15 | +98 | +118) 1100 | 1.1 4 + —| —(-) 
Ca 0.66 | +91 | +110) 1500 | 0.9 / 6.1 + +} —(-) 
Cur 1.86 | +97 | +115 3100 | 0.0 6.1 —(-) 
B; 0.49 | +94 | +106) 3300 | 0.4 | 3.7) +4+4+ | — |4(4+H) 
0.72 | +87 | +101) 5700 | 0.2 | 2.1) +++ | — |+(4++) 
By 0.40 | +92 | +110] 2500 | 1.0 | 4.8 + + —(-) 
B, 0.70 | +51 | +63) 5000/0.2/26; ++ | 
B;C 3.48 | +92 | +108) 1000; 0.2/6.3; ++ | -—(-) 
B.C 3.28 | +90 | +107) 1000 | 0.2 | 6.1 — —| —(-—) 
ByC | 0.14 | +96 | +116) 2500 | 0.3 | 6.0 — +} —(—) 
BC 0.32 |+102 | +123 1600 | 0.0 | 5.7 + — | —(+?) 
B, 0.12 | +62 2.6 | 4.6) +++ | + | -—(++) 

531 2.22 | +85 | +101) 2100} 0.1/1.8); ++ +2 
0.29 | +86 +24 | — |+(++) 
Cs 0.04 | +54 +64 900 / 4.2 2.8 +(+) 
Bot 0.37 | +65 2600 | 1.5/1.4 |++++/ + bor 
Bos 0.18 | +58 | +68 3600) 0.4/2.2; ++ | + 
B, 0.40 | +25) 4200; 0.3; 1.3) +++] — |+(++) 
B.C 1.73 | +89 | +106) 1900 | 0.2 | 2.1; +4++4 | — | —(++) 
B.C, | 0.48 | +57 +69 2600 | 0.3 2.2 ++++4+) — | +(++4+) 
B,C | 0.42 | —11) ++ | — | +(4++4) 


* Only an aliquot portion was fractionated. 
t Basic ash, as Ca, 0.8 per cent. 
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Sheet 1) Inorganic phosphates were removed with uranyl acetate. 
As all of the fractions from this material were serologically in- 
active or only slightly active in the antisera available, details 
of their isolation are omitted. The designations (Table IT) 


TABLE II 


Properties of Bovine Tubercle Bacillus Carbohydrate Fractions Soluble in 
Strong Acetic Acid 


Only Fractions 531 IlIlb and IVa gave positive precipitin reactions at 
1:500,000 dilution and higher. The parentheses indicate precipitation 
after centrifugation. 


Pptn. at 
Fraction rs Neutral Ino- 
Yield [a@lp  [alsses N P Pentose ** dilution 
No. equivalent site with Serum 
5807-L 
gm. degrees degrees per per cent 


530 Ila 0.98 +62 +76 800 38 + —(+) 


IIb | 2.20, +90+108 1600 06 45  — — | +(++) 
IIc 0.09 +76 +92, 190 (1.3, 2.0 | — | + |+(++) 
[Ila +541 +60, 1500 2.6 | — | —| 
IIb | 2.74, +581 +73, 1500 /1.9| 23 | + | — |—(++) 
IIIc | 0.53 +70 +79 1300 28! 20 + |/—! —(+) 
IVa | 2.28 +40 +48 2700 (2.2; 10 > + |-—/| —(-) 
IVb | 0.18; +19 +24 4600 (1.9) 058 | —(@) 
Vj 5.49) +15) +19, 2200 (2.9) 06 | — | —(-) 
VI 4.32 +2 +3 | OD) =) 
VII 0.10 +3 1000 3.4; | ++) | 
53111 0.09 +77 +90 60 07) 4.7 + | 
Illa | 1.63) +54, +65) 3400 (2.2) 28 | + | + | 
IIIb | 0.54 +40 +49 4200 3.4 2.1 4) +4 
IVa | 0.33) +27) +33, 1600 (2.9) 1.3 |+++) —| ++2 
| 1.11) +16 418. 1008 7.6) | — | 
| 0.0 (8.2) OS | +%| & | 
VI* | 2.81; +3| +4 3100 1.6; Trace; — | —(+) 
Via | 0.14 +1) +1) Very high | None | — | —| —(-) 


* Basic ash, as Ca, 19.1 per cent. 


correspond roughly to those of analogous products from the 
human strain except that Fraction VI was soluble in absolute 
methyl aleohol (with precipitation of accompanying salts) and 
was precipitated with acetone. 
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Lot 531 


This material, from the 55 liters collected after the first per- 
colation, was handled according to the same general scheme as 
Lot 530. Unless otherwise stated, corresponding fractions bear 
the same designations. A portion soluble in about 10 volumes 
of alcohol (Fraction 531 A) was combined with Fraction 530 A 
(Flow Sheet I). 

Fractions Precipitable with Strong Acetic Acid —The alcohol- 
precipitable part was divided into a portion precipitable at an 
acetic acid concentration of about 97 per cent and a portion 
soluble at this concentration. The former material was separated, 
much as in Flow Sheet I, into Fractions C, Be, and B;. Fraction C 
was resolved as in Lot 530 (Flow Sheet IL) into C,, Co, and C3; 
a Cy, fraction was not obtained. Fraction Be was separated 
into the final Be and By, both soluble in 80 per cent acetic acid, 
the former precipitable, the latter soluble, at 90 per cent methyl 
aleohol concentration. The 80 per cent acetic acid precipitate 
yielded Fractions BeC and BeC,, the former precipitable, the latter 
soluble, at 75 per cent methyl alcohol concentration. From Frac- 
tion B; no portion insoluble in 80 per cent acetic acid was ob- 
tained; Fraction B,C was precipitable at 87.5 per cent acetic acid 
and B,; was precipitated from the supernatant by excess ace- 
tone. Copper acetate treatment was unnecessary, as was also 
the extensive subfractionation carried out on Lot 530 because of 
excessive amounts of serologically inactive components. The 
yields and properties of these fractions are recorded in Table I. 

Carbohydrates Soluble in Strong Acetic Acid —The separation of 
these fractions, which correspond to Fractions II to VII of Flow 
Sheet I, was also effected much as for Lot 530. Fraction VI was 
in this instance precipitated from absolute alcoholic solution 
with a moderate amount of acetone, while Fraction Vla resulted 
from the addition of much acetone. The yields and properties 
of these fractions are recorded in Table II. The supernatants of 
Fraction VIa yielded only a small amount of ether-soluble oil. 


Fractions from Combined Solutions, 5380 A and 531 A (Flow Sheet I) 


Both alcoholic solutions were highly colored and contained sero- 
logically active carbohydrates, which were further fractionated 
with alcohol after concentration in vacuo to about 20 ml. A 
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portion, Fraction A;, was precipitated with about 4 volumes of 
alcohol. The brown supernatant was treated with a freshly 
prepared mixture of equal parts of saturated aqueous and alcoholic 
copper acetate solutions until no further flocculation occurred; 
a total of 25 ml. was necessary. The precipitate, Fraction Ag, 
was centrifuged off and the supernatant, Fraction A3, was freed 
from copper with KyFe(CN),. Fraction As was suspended in 
about 30 ml. of 1.5 N acetic acid and dialyzed against water, 
washed with water and acetone, and dried in vacuo. This product 
appears to be one of the pigments of the bovine tubercle bacillus. 
After isolation it is insoluble in water and common organic 
liquids but is somewhat soluble in dilute acetic and sulfurie acids 
and in 5 per cent NaOH. It dissolves with a deep brown color 
in 50 per cent HeSO, and in strong NaOH; the solutions give 
negative Molisch and biuret tests. The pigment contained 18 
per cent of nitrogen (micro-Kjeldahl) and 0.3 per cent of phos- 
phorus; spectrophotometric examination showed no selective 
absorption. 

Fraction A; in 50 per cent alcohol also yielded some of the 
copper-precipitable pigment, Fraction A». Fractions A; and Ag; 
gave portions precipitable with alcohol at 80 per cent concentration 
(Fractions A,;, and A3). Fractions soluble at this concentration 
but precipitable at about 95 per cent alcohol concentration were 
combined as Fraction Ay. The supernatants from Ay, gave a 
fraction, Ay, on addition of 3 volumes of acetone. The supernatant 
from this, concentrated im vacuo to dryness, taken up in methyl 
alcohol, and precipitated with about 10 volumes of acetone in 
the presence of LiCl, yielded Fraction A;. The supernatant 
from this was evaporated, taken up in 20 ml. of absolute ethyl 
alcohol, and precipitated with 150 ml. of absolute ether; the 
supernatant from this, Fraction Ag, yielded a residue, Fraction Az. 

The outside liquids from the dialyses contained extremely 
small amounts of material which were discarded. 


Chemical Properties 


The yields and properties of the fractions are summarized in 
Tables I to III. Basie ash was seldom determined owing to the 
presence of phosphorus. Fractions 530 Ila and 531 II contained 
about 0.3 per cent of inorganic phosphate; this was absent or 
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Inosite was found 
Pentoses were 


present only in traces in the other fractions. 
in some of the fractions by the Scherer test. 
roughly estimated by a modification of the Neumann test (5). 

Fraction 531 C, was not markedly opalescent, as was the 
corresponding human fraction, 530 C, which yielded magnesium 
palmitate after treatment with alkali. However, the bovine 
fraction became turbid after several hours in alkaline solution 
and also deposited a white substance which was not further 
investigated. 


TABLE III 
Properties of Bovine Tubercle Bacillus Fractions Originally Soluble in 
Strong Alcohol 
Only Fraction A;, gave precipitin reactions at dilutions of 1:500,000 
and higher. 


Precipitin 
| test at 
| Neutral 1:50,000 
Fraction No. | Yield! [@]p | [ajsses | equiv- N P Pentose | dilution 
| | alent with 
Serum 
| | | 5807-L 
| gm. degre ree | | | 
530-531 Ai. 0.71) +49 | 15,000 1.8 2.0 +++ + +++ 
Aw | 1.29' +25 | +32 | 6,200'3.8/0.7| ++ | — | ++ 
Ao, | | | 
pigment | 0.12 | | 18.0 
A;* | 2.63} +39 | +51/ 5,10 3.2/0.9) + | —| +2 
Ae | 1.15] +7 | 5.9/0.7) +4 | — | 
11,000 1.8 06 — | 
As | 0.26 2,000 6.9 
Ar | 0.48 —2 9.0 


. Basic ash, as Ca, 7.7 per cont. 
+ ++++ at Line 35 of the spectroscope scale. 


Serological Properties of Principal Fractions 
The qualitative serological tests were carried out as described 
previously (3). All of the principal fractions were tested with 
anti-H-37 strain horse serum No. 5807-L, anti-bovine strain 
rabbit sera, an anti-bovine strain goat serum,’ and an anti-bovine 


’ Furnished by Dr. Kenneth C. Smithburn of The Rockefeller Institute 
for Medica] Research. 
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strain horse serum. The bovine type antisera were, unfor- 
tunately, weak in anticarbohydrate. As no evidence of a bovine 
type-specific substance was encountered, details of these tests 
are omitted. In the anti-human strain horse serum No. 5807-L 
the principal active fractions gave positive tests at dilutions of 
1:2 million and 1:4 million; to emphasize differences between 
active and inactive material the reactions are recorded only at 
1:50,000 and 1:500,000 in Tables Ito III. Heterologous reactions 
were also observed with an anti-timothy bacillus horse serum and 
an anti-avian $8 strain rabbit serum. Qualitative cross-reactions, 
as well as quantitative determinations with Fractions 530 C.,, 
531 C,, and, for comparison, the human strain polysaccharide 
Fraction 520 C, were conducted (Table IV) according to previous 
descriptions (3). For the analyses 3.0 ml. of serum were used in 
duplicate and all manipulations were carried out in the cold, 
the tubes being allowed to stand for 3 days after the addition of 
amounts of polysaccharide indicated by preliminary tests. The 
second absorption with the same polysaccharide, as well as the 
cross-absorptions with Fraction 520 C, was run on aliquots from 
the supernatant fluids; the nitrogen precipitated was calculated 
to the original serum volume. 


DISCUSSION 


It is evident from the experimental data that the carbohydrate 
extracted from the defatted cells of a bovine strain of the tubercle 
bacillus consists of an even more complex mixture of serologically 
active and inactive polysaccharides than was obtained from the 
H-37 human strain (3). Glycogen was again encountered (ef. 
(6, 3)), as well as far larger amounts of pigment and serologically 
inactive material than were extracted from the human type cells. 

The qualitative and quantitative tests summarized in Table IV 
show that the serological specificities of the bovine fractions do not 
differ essentially from those of the polysaccharides of the human 
type cell. The same two independently specifie polysaccharides 
are present, as is also material combining both specificities. Thus 
the anti-human strain (H-37) horse serum No. 5807-L, after 
absorption with Fraction 531 C,, gave definite precipitin reactions 
with the bovine Fraction 531 B, and the corresponding human 
fraction No. 520 Bo. The absorbed serum also precipitated the 
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bovine Fractions 531 Be, 530 B;, and 530 Be, and the human Frac- 
tion 520 Be, in none of which it had been possible to separate the 
specificities characteristic of the B and C fractions. Never- 
theless, the possibility of minor differences between the C fractions 
of human and bovine origin was indicated by the weak reaction 
given by this serum (absorbed with Fraction 531 C,) with the 
human Fraction 520 C.‘ Similar considerations apply to the 


TaBLE IV 


Qualitative Cross-Reactions with Absorbed Anti-H-37 Horse Serum 5807-L 
and Quantitative Tests with 3.0 Ml. of Unabsorbed Serum 


| N pptd. 
Amount 
Serum absorbed with of fraction w pptd. Read. see i, 520 C 
Fraction No. so gg by first | addition pom 
— - addition ofsame aliquot 


quantita-_ 


| Fraction 531 C,* tive pptn. | fraction 
| | | mg. | mg. | mg. | mg. 
s1C, | —(-) |—(+)| 0.15 | 0.24 | 0.02¢ | 0.024 
B, |) +(++) —(-) | | | | 
| | | | 
Bz +> (+--+) | 
530Cx —(-) —(+) | 0.30 | 0.25 | 0.03f | 0.04t 
Human type | | | | 
520 C 0.158 | 0.28 | 0.02f | 
Bea’ | | | | 
Be | | (+2) | | | 


* Similar results were obtained by absorption of Serum 5807-L with 
Fraction 530 

t Calculated to 3.0 ml., the original volume. 

t In one experiment this fraction absorbed all the anticarbohydrate from 
Serum 5807-L; in another experiment weak reactions remained with Frac- 
tion 531 C,; and human bacillus Fractions 520 C and 520 Ba. 


independently specific B fractions, as shown by the results with 
Serum 5807-L absorbed with Fraction 531 B, (Table IV). 

The principal differences between the human and_ bovine 
material lay in the distribution of the fractions carrying these 
specificities (Table V). About 53 per cent of the active poly- 


‘Similar minor differences are also indicated by the quantitative data 
in Table IV. 
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saccharides isolated from the acetic acid-precipitable portions 
of the two bovine preparations were accounted for as C fractions 
(precipitable by methyl alcohol at about 66 per cent concentration) 
and only about 47 per cent as B fractions (soluble at 66 per cent 
methyl alcohol concentration). In the human preparation, on 
the other hand, the content of B fractions was about 7 times 
that of the C fractions. 

Of the inactive substances isolated from the bovine cells, two 
were strongly dextrorotatory and exceedingly difficult to separate 
from the serologically active high rotating portion, Fraction C. 
Both contained organic phosphorus but differed greatly in their 


TABLE V 


Proportion of Serologically Active and Inactive Polysaccharide Fractions 
Extracted from Human and Bovine Type Tubercle Bacillus Cells 


Propor- 

tion of 

t 
Lot No. Total material 

carbo- 
hydrate 
am. am. | | om. | per cent 

ge eee 38 | 6.3 | 33 | 5.5 5 | 0.8 87 
Total for bovine fractions...... 82 114.4 14 | 2.5) 68 |12.0 17 


* Of defatted tubercle bacillus cells. 


solubilities. One of these inactive substances, precipitable at 
80 per cent acetic acid concentration, was the principal component 
of Fractions 530 B;C, BeC, BoC, and B,C, and was analogous to 
the inactive material encountered in the human preparation 
(Fractions 520 BeC and B,C (3)). The other product, soluble 
at 96 per cent acetic acid concentration, was isolated as Fractions 
530 Cy. and Cy, and was found only in the bovine strain. If this 
phosphorylated carbohydrate occurs in all strains of bovine 
origin, and only in these, it would serve to characterize these 
strains chemically. Although most of the acetic acid-soluble 
fractions of the human preparation were serologically active, 
the corresponding fractions of bovine origin were generally in- 
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active. One of these inactive fractions, 530 VI, showed unusual 
solubility in methyl alcohol and absolute ethyl alcohol. This 
highly hygroscopic substance was almost optically inactive and 
contained no phosphorus or pentose. The Molisch test was 
positive only up to a dilution of 1:5000, while in the other acetic 
acid-soluble fractions the Molisch test was distinct up to a dilution 
of about 1:50,000. Fractions 531 VI and 530 A; showed similar 
behavior. These products, also, were not encountered among 
the human cell polysaccharides. It is conceivable that more 
potent antisera than were available for this investigation would 
contain antibodies to some of these fractions which appear to be 
serologically inactive but chemically specific for the bovine strain, 
as opposed to the human strain. 

A compilation is given in Table V of the yields and distribution 
of active and inactive fractions isolated from the bovine and 
human type tubercle bacillus cells. While about 87 per cent of 
the polysaccharide fractions obtained from the human strain 
were found to be strongly active serologically, only 17 per cent of 
the total carbohydrate mixture of bovine origin showed sero- 
logical activity sufficient to give a weak positive reaction with 
Serum 5807-L at a dilution of 1:500,000. The total extractable 
carbohydrate content of the bovine type cells was more than 
twice that of the human strain cells. In the bovine preparation 
most of the inactive material accumulated in the first percolate 
(Lot 530), but even in the second percolate (Lot 531) the active 
material did not approach the high percentage in the human type 
extract. The acetic acid-precipitable portion of Lot 531 yielded 
only active fractions (cf. Table I). Even Fractions 531 BoC and 
B,C were serologically active and a portion corresponding to 
530 C, was not encountered. Moreover, the acetic acid-pre- 
cipitable, serologically active fractions of Lot 531 were much 
lower in phosphorus than the corresponding fractions of Lot 530. 
Since the inactive fractions associated with the serologically 
active, acetic acid-precipitable fractions of this lot were found 
to be high in phosphorus, the presence of this element in an active 
fraction might be taken as indicative of contamination with 
inactive material. The behavior of the polysaccharides of the 
human type cell also supports this conclusion, for Fraction 520 
BC, which was high in phosphorus, was found to be serologically 
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inactive, while active fractions such as 520 C or 520 Be were 
low in phosphorus. 

The possibility that most of the fractions consisted of mixtures 
of active and inactive material discouraged closer chemical study. 
Tests were made, however, for pentose and inosite. The latter 
was reported by Anderson and his coworkers (7-10) in carbo- 
hydrate material isolated from lipids of tubercle bacilli. Inosite, 
however, occurred in very few of our fractions and therefore 
appeared unrelated to their serological activity. On the other 
hand, all serologically active fractions tested were found to con- 
tain pentose, seventeen of nineteen active fractions exhibiting a 
strong to very strong pentose reaction (++ to +++ in Tables 
I to III). The inactive fractions were usually either free from 
pentose or contained very little, twenty-six of thirty-six fractions 
giving no test or only a weak pentose reaction (—, +, or + in 
Tables I to III). (For the occurrence and significance of pentose 
in tubereulin polysaccharides from human and bovine strains 
cf. (11).) 

Since many of the serologically inactive fractions precipitated 
antiserum at the higher concentrations, some of the stronger 
pentose tests in these fractions were undoubtedly due to the 
presence of active material. It seems reasonable to conclude, 
therefore, that the principal serologically active bovine fractions 
contain pentose as an essential component, in line with the 
actual isolation of d-arabinose from the corresponding fractions 
of the human strain (3). 


SUMMARY 


1. The polysaccharides extracted from the cells of a bovine 
strain, M-1698, of tubercle bacillus proved to be a more complex 
mixture of serologically active and inactive carbohydrates than 
was obtained from the human strain, H-37. Most of the material 
was serologically inactive. 

2. The specific polysaccharides showed the same specificities 
as did those of the human type. Two independently specific 
polysaccharides were isolated, as well as carbohydrate combining 
both specificities. 

3. Serologically inactive constituents consisted of at least 
two different strongly dextrorotatory, phosphorus-containing car- 
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bohydrates and one phosphorus-free substance with little optical 
activity. The latter and one of the phosphorylated polysac- 
charides were not found in the human Strain H-37. 

4. Evidence is given that the serological activity of the bovine 
polysaccharides is connected with the presence of pentose, as 
in the human type strain. 
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WALDEN INVERSION 


XXI. THE HALOGENATION OF AROMATIC CARBINOLS. 
ROTATORY DISPERSION OF AROMATIC CARBINOLS 
AND CORRESPONDING BROMIDES* 


By P. A. LEVENE anv ALEXANDRE ROTHEN 


(From the Laboratories of The Rockefeller Institute for Medical Research, 
New York) 


(Received for publication, October 25, 1938) 


In recent years many efforts have been made aiming to define 
the conditions of the reaction of substitution which lead to in- 
version of configuration (Walden inversion). The investigations 
in this direction of Polanyi et al.,! of Olson,? of Hughes, Ingold, 
et al.’ are most outstanding. 

Polanyi et al. and Olson came to the conclusion that all reactions 
of substitution by a negative group or ion are connected with 
inversion of configuration. On the other hand, Hughes, Ingold, 
et al. envisaged three possibilities for substitution by a negative 
ion: inversion, racemization, and retention of configuration, de- 
pending on the mechanism of the reaction. Reactions which fol- 
low kinetically a bimolecular course are always connected with 
inversion; those following a monomolecular course may be con- 
nected with inversion, racemization, or retention, the inversion 
always being associated with extensive racemization. These 
conclusions were accepted also by Steigman and Hammett.‘ 
The concluding lines of the paragraph in which Hughes, Ingold, 


* The two papers (Levene, P. A., Rothen, A., and Kuna, M., J. Biol. 
Chem., 120, 777 (1937); 121, 747 (1937)) are Papers XIX and XX of the 
series on Walden inversion. 

1 Meer, N., and Polanyi, M., Z. physik. Chem., Abt. B, 19, 164 (1932). 
Bergmann, E., Polanyi, M., and Szabo, A. L., Tr. Faraday Soc., 32, 843 
(1936). 

? Olson, A. R., J. Chem. Physic., 1, 418 (1933). 

’ Cowdrey, W. A., Hughes, E. D., Ingold, C. K., Masterman, S., and 
Scott, A. D., J. Chem. Soc., 1252 (1937). 

‘ Steigman, J., and Hammett, L. P., J. Am. Chem. Soc., 59, 2536 (1937). 
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et al. discussed the three possibilities, read as follows: ‘‘Since nega- 
tive mechanism substitutions are always nucleophilic and _ bi- 
molecular, there is agreement as to these with Meer and Polanyi’s 
theory; and, of course, with Olson’s.’”’ Indeed, so strong is the 
belief of the English group of investigators in their conclusions 
that often when kinetic data were missing the mechanism of 
reaction was formulated not from kinetic data but from the direc- 
tion of rotation of the product of the reaction. 

The halogenation of secondary carbinols having a phenyl group 
attached to the asymmetric carbon atom presents a peculiarity of 
behavior, since Levene and Mikeska‘’ found that the two lower 
homologues of the series (methyl- and ethylphenylcarbinols) 
formed, on halogenation with hydrogen bromide, a bromide rotat- 
ing in opposite direction from the carbinol, whereas the higher 
homologues under identical conditions formed bromides rotating 
in the same direction. 

For the halogenation of these carbinols, Hughes, Ingold, e¢ al. 
postulated three mechanisms. 


Ou 
C-OH—— C (monomolecular) 
Cl (retention) 
\ 
+ 
C-OH—-— C-OHe+Cl--—Cl—C H,0 (bimolecular) 
Vi Vi \ 
(inversion) 
C + OH, + Cl--— Cl—-C_- (monomolecular) 
(predominating 
inversion) 


Two mechanisms result in inversion and one in retention of 
configuration. Satisfactory data on the kinetics of these reactions 


do not exist. 
In an attempt to obtain data for the study of the kinetics of 


’ Levene, P. A., and Mikeska, L. A., J. Biol. Chem., 70, 355 (1926). 
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such substitutions, three levorotatory carbinols, methyl-, ethyl-, 
and propylphenylearbinols, were halogenated with hydrogen 
bromide at different temperatures. These three carbinols are 
configurationally related on the following grounds. Previous 
experience had shown that in a series of compounds of the type 


Ry 


| 
Rs 


homologous with respect to R,; or Rs, the sign of the partial rota- 
tion of a definite absorption band of the group X remains the 
same throughout the series; for example, the partial rotation of the 
aldehydic absorption band® at \ 2950 in a series of aldehydes of the 
type 

CH; 


| 
H—C—-CHO 
| 
(CH,),CH; 


has the same sign throughout the series. The rotatory dispersion 
curves of the three carbinols are of the same type and there can 
be no doubt that these three compounds are configurationally 
related when of the same sign of rotation, this being true also for 
the three corresponding bromides. ’ 

The results of the observations on bromination are summarized 
in Fig. 1, where the molecular rotations of the resulting bromides 
are plotted against the temperature of reaction. The magnitudes 
of the rotations have been calculated on the basis of the reported 
maximum rotations of the carbinols (see the experimental part). 

It can be seen that the three curves follow a parallel course, 
the principal difference being that the curve of the highest hom- 
ologue does not cross the axis of zero rotation. For all three 
curves there is observed a shift of rotation towards the right as the 
temperature of reaction is lowered from room temperature to 
about —15°. The curves of the first two members show a maxi- 
mum dextrorotation at —28° and the third curve a minimum 
levorotation in the vicinity of —20°. For temperatures lower 


' Levene, P. A., and Rothen, A., J. Chem. Physic., 4, 48 (1936). 
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than —36° the rotations of all three bromides are negative, the 
reaction of bromination then proceeding predominantly without 
inversion.’ It is noteworthy that between —30° and —60° the 
variation in the rotations of the three halides obtained as a fune- 


+100 


+50 


°C. -80 -60 -40 -20 0 +20 
Temperature of bromination 


Fic. 1. Influence of temperature of bromination on the molecular rota- 
tion of the bromides obtained. 


tion of the temperature of bromination is very large. It is es- 
pecially striking for the second homologue, since a highly dextro- 


7 Levene, P. A., Rothen, A., and Kuna, M., J. Biol. Chem., 120, 777 
(1937). 
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or a highly levorotatory bromide can be obtained by varying the 
temperature of bromination by only a few degrees. 

It is also noteworthy that the temperature of inversion (tem- 
perature of bromination at which an inactive bromide is ob- 
tained) is the same for both methyl- and ethylphenylearbinols; 
t.e., —36°. 

It can be seen from Fig. 1 that between —60° and —S80° there 
is observed only a small increase in the rotations of all three 
halides. 

It is probable that the maximum values of the three bromides 
are only slightly greater than the values found at —80°. The 
following maximum values can be estimated. 


Methylphenylbromomethane, [M = 90° 
Ethylphenylbromomethane, [M cnn = 140° 


Propylphenylbromomethane, [M = 160° 


The apparently opposite behavior in bromination of propyl- 
phenylearbinol from the other two lower homologues when the 
bromination is carried out at room temperature is then self-ex- 
planatory in view of these curves. 

The low values of the dextrorotations compared to the levo- 
rotations are due not to racemization in the ordinary sense, but 
actually to the independent formation of the two enantiomor- 
phous substances. (Incidentally, the bromides, once formed, do 
not suffer racemization at temperatures below 0°.) Racemization 
occurs only at higher temperatures. The increase in levorotation 
of propylphenyl bromide connected with the increase of the tem- 
perature of bromination from —20° to room temperature argues 
against racemization being responsible for the character of the 
curves at temperatures below +20°. 

At temperatures around —30°, substitution without inversion 
reaches a minimum; for both higher and lower temperatures, 
substitution without inversion is on the increase. Hence there 
undoubtedly exist two different mechanisms for the reaction with- 
out inversion. One of these begins abruptly at —30° and con- 
tinues towards a lower temperature. The reaction with inver- 
sion undoubtedly proceeds by a third mechanism. 

Definite evidence as regards mechanism exists only for the reac- 
tion at the lowest temperature, which proceeds through an addition 
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product. When HBr is added to ethylphenylearbinol at —80°, for 
example, a white crystalline mass is obtained which melts and 
decomposes sharply at — 20°, a liquid bromide being formed in- 
stantly with separation of water. In the ease of propylphenyl- 
earbinol, the addition product decomposes at about —15°. If 
this crystalline compound is warmed rapidly to room temperature, 
its decomposition into halide and water takes place violently. 
When HBr is added to ethylphenylearbinol at —30° it can be 
observed that, in addition to the solid compound, a liquid bromide 
is also formed. ‘The addition product decomposes when the tem- 
perature is raised above —20°. The lower the temperature, the 
smaller the amount of liquid halide formed directly. In other 
words, for temperatures lower than —30° the amount of carbinol 
brominated according to the addition product mechanism becomes 
all the more important as the temperature is lowered. 

Nothing definite can be said about the molecular structure of 
the addition compound. It is not impossible that the hydrogen 
bond complex postulated by Hughes, Ingold, et a/. corresponds to 
this substance. 

For temperatures above —20°, formation of this addition com- 
pound is no longer observed and hence it is justified to assume that, 
at higher temperature, bromination proceeds by other processes. 
It follows that substitution with retention of configuration is ac- 
complished by two different mechanisms. 

Consequently the mechanisms postulated by Hughes, Ingold, 
et al. do not suffice to explain the observed phenomena, since, of 
the three mechanisms postulated by this group of investigators, 
only one proceeds with retention of configuration, whereas the 
present observations point to two mechanisms connected with 
retention. 

The statement of the above authors that, ‘‘There can be no 
doubt that, for all aliphatic, as well as the simpler aromatic, sec- 
ondary alcohols, inversion is the rule,’ should be restricted to 
the saturated aliphatic compounds. 

In this connection it may be stated that at the very low tem- 
peratures simple aliphatic carbinols do not react even with 
hydrogen iodide gas. Tertiary carbinols have not yet been tested. 

Furthermore, it must be stated that these effects of tempera- 
ture on the reactions here described do not appear when the reac- 
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tion of substitution is carried out in a solvent (aliphatic carbinols, 
ether, and benzene having been used as solvents). It appears 
from Table I that, in solution, bromination of propylphenylear- 
binol follows the same course as that of the lower homologues. 
In all cases, whatever the temperature of bromination, the reac- 
tion proceeds with Walden inversion. 


TABLE | 


Bromination of Carbinols in Solution by Means of HBr 


Carbinol |bromina- Solvent Bromide 
| 
degrees =. M | degrees 
Ethylphenyl- —37.7) —50 | Ether 0.150  Ethylpheny!- | +79.4 
earbino] | | bromo- | 
| | methane 
| —37.7| —80 | Ethyl al- | 0.156 +135 
| eohol | 
Propylphenyl- | —69.41 —10 Ether 0.167 Propylphenyl- +60 
earbinol | | | bromo- | 
| | | methane 
SUMMARY 


Evidence has been presented to show that in the absence of a 
solvent at least three different mechanisms take place in the for- 
mation of the halide from a secondary carbinol having a phenyl 
group attached to the asymmetric carbon atom (regardless of the 
size of the aliphatie radicle attached to the same carbon atom). 
The relative importance of each of the three mechanisms is a 
function of temperature. At low temperatures, for all three 
phenylearbinols examined, the reaction proceeds with retention of 
configuration entirely through the intermediate step of an addi- 
tion product. 


EXPERIMENTAL 


The samples of the three carbinols, methylphenyl-, ethylpheny|-, 
and propylphenylearbinols, were highly resolved, thus assuring a 
high degree of purity. They were carefully fractionated and the 
constancy of the index of refraction of the different fractions was 
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observed. Methylphenyl- and ethylphenylearbinols crystallized 
readily in solid carbon dioxide-alcohol mixture and propylphenyl- 
earbinol crystallized immediately at room temperature. 

Hydrobromic acid gas was prepared in an all-glass apparatus by al- 
lowing 100 per cent phosphoric acid to react with dry KBr.> The 
gas was dried at —30°, passed through a tube filled with copper 
turnings, and condensed at —S80°. It was then twice distilled 
and stored under pressure at 2 atmospheres in a 5 liter flask. 

For each bromination experiment, a sample of about 0.1 gm. 
of carbinol was placed in a flask of roughly 50 cc. capacity which 
was sealed directly onto a glass line connected with the hydro- 
bromic acid reservoir. The flask was then evacuated (oil pump 
and mercury diffusion pump) and cooled to the appropriate tem- 
perature in a mixture of solid carbon dioxide-alcohol contained in a 
Dewar flask equipped with a stirring device. The small amount 
of carbinol used as compared with the surface of the vessel was 
advantageous to maintain a constant temperature. An excess of 
hydrobromic acid gas was introduced very slowly, the rate being 
measured with a mercury manometer. At the end of the reaction, 
the flask was evacuated to remove the excess of hydrobromic acid 
and then brought to room temperature. The exact amount of 
HBr introduced was measured by the increase in weight. 

It was found that a larger amount of hydrobromic acid was 
absorbed than that required by the stoichiometric equation, al- 
lowance being made for the very slight amount dissolved in the 
products of reaction. At room temperature, 1.12 moles of HBr 
were consumed for 1 mole of earbinol and when the reaction took 
place at —80°, the equivalence was 1.04 moles of HBr for 1 mole 
of carbinol. 

The reaction was, of course, heterogeneous, HBr gas reacting 
with the carbinol either in the solid or liquid phase. 

No study was made of the rate of the reaction, sufficient time 
being allowed to insure complete reaction. At room temperature 
the reaction was completed in a minute or so; at —80° half an 
hour was sufficient to produce complete bromination. For propyl- 
phenylearbinol at least, the total reaction proceeded faster at 
—80° than at —40°, only 80 per cent of carbinol being brominated 
at —40° in half an hour. 


® Murray, W. J., J. chim. physiq., 16, 344 (1917). 
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As soon as the reaction was completed, the contents of the reac- 
tion flask were dissolved in benzene, dried rapidly with drierite, 
and filtered. The volume was made up to 5 ec. and the rotation 
measured ina 2dm.tube. The benzene solution was then washed 
with a cold solution of KHCQO; and dried with drierite. The 
benzene was removed by distillation and the halide distilled in a 
micro flask in a high vacuum (oil pump and mercury diffusion 
pump), the temperature of the heating bath being 35° for the 
lowest and 45° for the highest homologue. About 0.08 gm. of 
halide was generally isolated when the sample of carbinol was 


TABLE II 


Tem- 


Some Bromination Experiments 


pera- di Isolated bromide 
Amount 
mina- a a \ a a C H n™ 
tion | 5790 | 5780 found found D 
Levo-ethylphenylcarbinol 
gm. | "es | degrees | degrees gm. | press degrees | Per cent. per cent, 
0.1180 —80 —3.644 —4.228) 54.35) 5.67 1.5487 
0.1010 —40 |—1.079 —1.252) 0.0395|—0.335'—0.389 54.23 5.58 | 1.5487 
0.1042 —35 0.0124|+0.062 +0.072| 54.31) 5.61 
0.1049 | —25 |+1.371 +1.585} 54.28 5.67 1.5488 
0.1055 0 +0.685)\+0.787| 0.0540|+0.256 +0.299 1.5487 
Levo-propy!phenylecarbinol 
0.0999 —80 —4.140 —4.790, 0.0408 —1.216|—1.413, 57.01] 6.30 1.5408 
0.1275 —25 0.0747 —0.167,—0.193 56.82) 6.20 1.5408 
0.0994 0.0406 —0.072'—0.084 56.44 6.14 1.5410 
1.5408 


0 —0.559 —0.639 0.0802 —0.246 —0.282 


about 0.1 gm. This amount was sufficient for the determination 
of rotation, index of refraction, and for combustion. Whatever 
the temperature of bromination, the halides obtained were homo- 
geneous, the index of refraction being constant to +0.0002. The 
rotations were taken for two wave-lengths, \ 5780 and Xd 5460. 
The theoretical value of the ratio of the rotations as4g:/as7s0 
(1.160 for propylphenylbromomethane and 1.157 for ethylphenyl- 
bromomethane) was observed in each case, within experimental 
error. 

A few examples of bromination experiments have been summa- 
nzed in Table II. 
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In the earlier stage of the work, the benzene solution was dried 
overnight at 12° before isolating the halide but it was found that 
some racemization then occurred. If the halide were isolated a 
few hours after the reaction had been completed, the molecular 
rotation of the isolated halide was identical with that determined 
on the total product of reaction. (In fact, the rotation was 
slightly higher, 5 to 10 per cent, this being in agreement with the 
slight excess of hydrobromic acid absorbed, if one assumes that 
the products of the unimportant side reaction were not optically 
active. ) 

As already mentioned, the values of [Mléss0 given in Fig. 1 
have been based on the values assumed for the maximum rotations 
of the carbinols which are as follows: 


Methylphenylearbinol,® = 43.4° 
Ethylphenylearbinol,!® [a]sg¢3 = 27.7° 
Propylphenylearbinol," = 43.6° 


We redetermined the rotatory dispersion of methylphenyl- 
earbinol and propylphenylearbinol. The dispersion of the latter 
compound was determined on two different samples prepared by 
two different syntheses. The data were consistent within experi- 
mental error and appreciably different from the values given by 
Kenyon and Partridge.!! Special care was taken to have maxi- 
mum precision in these determinations. Sodium arc, helium are, 
and mercury are were used as sources of light. Photographic ob- 
servations were made for \ 4358 and \ 4046. Accuracy is believed 
to be +0.002° for the yellow and green light and +0.01° for the 
violet region. Those samples whose dispersions are reported in 
Table III were used for the bromination experiments. 

From the figures given in Table III and from the [M ]i2o3 values 
assumed, the following simple equations were obtained to express 
the maximum molecular rotations in the visible spectrum, maxi- 
mum deviations of 0.3 per cent occurring only in the region » 4000. 


* Houssa, A. J. H., and Kenyon, J., J. Chem. Soc., 2260 (1930). 

1° Pickard, R. H., and Kenyon, J., J. Chem. Soc., 106, 1115 (1914). We 
wish to correct an error in this article giving [a]?%J; = 25.86°, a value 
also recorded by Lowry (Lowry, T. M., Bureau of Standards, Misc. Pub. 
118 (1932)). 

11 Kenyon, J., and Partridge, S. M., J. Chem. Soc., 128 (1936). 
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13.24 
Methyl] learbinol, [M]homogeneous = 
ethylphenylearbinol, [M]homog — 00425 
14.92 
Propylphenylearbinol, [M]ieptane = 
ropylphenylearbinol, [M]nepta 


The maximum values of propylphenylearbinol in benzene solu- 
tion are 14 per cent greater than in heptane and the dispersion 
constant has the value 0.0345. 


TaBLeE III 
Rotatory Dispersion of Phenylearbinols- in Homogeneous State, t = 10 Cm. 
2% 2% 2s | | a? 
degrees | degrees degrees degrees degrees degrees 
Methylphenyl- | | | | | | 
earbinol...... 1.5253, —32.470 33.966 —38.753, —67.21 —81.49 
Ethyl pheny!- | | | | 
earbinol...... 1.5180, |— 23. 
Propylphenyl- | | | 
earbinol in | | | | 
heptane*.... | i—13. 719 —14.240 —16. 170 — 27.235 —32.53 


* Concentration, 0.7259 m, = 40 cm. 


TABLE IV 
Rotatory Dispersions ti in n Homogeneous State of Phenylalkythalogenomethanes 


degrees degrees degrees degrees degrees 


Ethylphenylbromo- | | 

methane, = 10cm 1.5493 50.953 53. 71 96 
Propylphenylmono- | | | 

methane, 1 = 10cm... 1.263, 1.5413 15.358 16.006 18. 542 35.28 44.94 
Ethylphenylchloro- | | | 

methane, / = 20 cm. 1.0842 1.5196 40.348 42.018 48.370 88.55, 110.56 
Propy!phenylchloro- 

methane, Ae 10 cm... 0. 990. 1. 5132 5. 319 5. 525 6. 349 il. 14.30 


The rotatory dispersion of two of the bromides has been deter- 
mined and, as already mentioned, the practical identity of the | 
dispersion constants of a one Drude term formula, \s = 0.071 for 
ethylphenylbromomethane and 9 = 0.070 for propylphenyl- 
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bromomethane, indicates that the compounds are configuration- 
ally related when they have the same sign of rotation. 


4.0 


3.0 


3//2 
1.5 
/ / 1{ Ethylphenylcarbinol 
Propyliphenylcarbinol 
Propylphenyichioromethane 
10 3. Ethylphenylchloromethane 
4 Propyiphenylbromomethane 
0.5 


3000 2600 2600 2400 2200 


Fic. 2. Absorption spectra of halides. The log of the molecular extinc- 
tion coefficient is plotted against the wave-length. 


Similarly, the dispersion constants of the corresponding chloro 
derivatives are very close, the lower homologue, as in the case of 
the bromides, having a slightly greater value (Aj = 0.0597 for 
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ethylphenylchloromethane and 6 = 0.0578 for propylphenyl- 
chloromethane). 

The dispersion data have been summarized in Table IV. 

Absorption curves can be seen in Fig. 2. The solvent used for 
all compounds was heptane. 

The curves for the two chloro derivatives are not so close as 
might have been expected, but it should be remembered that these 
substances are very unstable towards ultraviolet light; therefore 
we do not consider these discrepancies to be significant. 

Some resolution of the absorption region \ 2620 to > 2500 of the 
phenyl group is apparent in the carbinols but has practically dis- 
appeared in the chloro and is unobservable in the bromo deriva- 
tives. 

This absorption region is not anisotropic in the case of the car- 
binols and the chloro derivatives, as is apparent from the rotatory 
dispersion data. 

On the contrary, it would seem from the value of the dispersion 
constant of the bromo derivatives (Ag ~ 0.070) that this absorp- 
tion region is anisotropic in that case, but it should not be for- 
gotten that the dispersion curve is of the type represented by two 
Drude terms of opposite sign (as is already apparent from the 
dispersion data in the visible region, the calculated value of 
aos being larger than the observed value of age). The position 
of the first active absorption band is probably much lower in the 
wave-length scale than \ 2600. 
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ENZYMATIC DEPHOSPHORYLATION OF DESOXYRIBO- 
NUCLEIC ACIDS OF VARIOUS DEGREES OF 
POLYMERIZATION* 


By GERHARD SCHMIDT, E. G. PICKELS, anv P. A. LEVENE 


(From the Laboratories of The Rockefeller Institute for Medical Research, 
New York, and the Laboratories of the International Health Division, 
The Rockefeller Foundation, New York) 


PLATE 4 
(Received for publication, October 11, 1938) 


It has been observed! that the rate of enzymatic hydrolysis 
of thymonucleie acid differs very considerably for different 
samples. Inasmuch as it was known that small changes in the 
methods of preparation might affect the degree of polymerization 
of the resulting product, it seemed desirable to investigate the 
effect of enzymes on nucleic acids which were known to differ in 
the degree of their polymerization. 

Four types of thymonucleic acid were selected for the experi- 
ments. The types differed in the methods of their preparation; 
namely, those prepared according to Hammarsten,? Neumann‘ 
(modified by Feulgen®), Levene,’ and Feulgen’ (enzymatic), 
respectively. 

To date, molecular weight data of a fair degree of accuracy exist 
only in the case of the acid of the first type, leading to a molecular 
weight of approximately 1 million. To this information are now 


* The term “‘phosphatase”’ is used in this paper for the sake of brevity. 
It is self-evident that the material contains a complex of enzymes. 

' Levene, P. A., and Dillon, R. T., J. Biol. Chem., 88, 753 (1930). 

?Schmidt, G., Enzymologia, 1, 135 (1936). 

* Hammarsten, E., Biochem. Z., 144, 383 (1924). 

‘Neumann, A., Arch. Anat. u. Physiol., Physiol. Abt., 374 (1898); suppl., 
552 (1899). 

*’ Feulgen, K., Z. physiol. Chem., 90, 261 (1914). 

® Levene, P. A., J. Biol. Chem., 63, 441 (1922). 

’ Feulgen, K., Z. physiol. Chem., 238, 105 (1936). 

*Signer, R., Caspersson, T., and Hammarsten, E., Nature, 141, 122 
(1938). Astbury, W. T., and Bell, F., Nature, 141, 747 (1938). 
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added data concerning the sodium salts of the second and fourth 
types. Of these two, the former sedimented with a blurred bound- 
ary, indicating particles of molecular weights ranging from about 
50,000° to at least 1 or 2 million, while no appreciable sedimenta- 
tion could be observed with the latter. Thus the descending order 
of polymerization is (1) thymonucleic acid of Hammarsten, (2) 
that of Neumann, (3) that of Levene, and (4) that of Feulgen (by 
the enzymatic process). 

It has now been found that the increase in the degree of enzy- 
matic dephosphorylation follows the same order, Hammarsten’s 
material being the most stable. When purified enzyme was em- 
ployed, no dephosphorylation of this acid was observed even when 
the duration of the experiment was extended to 4 hours, whereas 
the duration of the experiment with the nucleic acids of the other 
types was limited to 1 hour. The highest degree of dephos- 
phorylation was observed with the material obtained by the enzy- 
matic method of Feulgen. 

The slight degree of dephosphorylation observed on treatment 
of Hammarsten’s nucleic acid with crude intestinal extract was 
undoubtedly due to the presence in it of a certain amount of ‘‘de- 
polymerase.’’ In harmony with this assumption is the observa- 
tion that nucleic acids of low degree of polymerization are de- 
phosphorylated to approximately the same degree by the crude 
or purified enzymes, whereas those of the highest degree of poly- 
merization are dephosphorylated by the crude enzyme only. 
The observation that the samples of higher degree of polymeriza- 
tion exhibit no inhibitory action on the dephosphorylation of the 
acids of lower degree of polymerization is likewise in harmony 
with the view that dephosphorylation of Hammarsten’s nucleic 
acid by the crude enzyme is to be attributed to the presence of 
a depolymerase. 

In the light of the present observations, a new interpretation 
should be given to Schmidt’s* earlier observation that the enzymatic 
dephosphorylation of nucleohistone is enhanced by preliminary 
digestion with pancreatin. The earlier explanation postulated a 
hydrolysis of the nucleohistone into histone and nucleic acid prior 
to dephosphorylation. This assumption should be revised in 


®* As discussed later in the text, this figure represents the minimum 
possible molecular weight. 
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favor of the depolymerizing effect of pancreatin on the nucleic 
acid. ‘This interpretation is also in harmony with the observation 
that only pancreatin (and not purified trypsin) enhances the 
enzymatic dephosphorylation of nucleohistone. 


EXPERIMENTAL 
Methods 


Determination of Phosphoric Acid—The trichloroacetic acid fil- 
trate of the digestion product was made alkaline by means of am- 
monia, precipitated with Mathison’s!® magnesia mixture, and the 
phosphoric acid determined according to the method of Embden."! 

Preparation of Intestinal Enzyme—Glycerol extracts from calf du- 
odenum and jejunum, prepared according to the method of Klein,” 
were employed as starting material for the purification of the en- 
zyme. About 80 per cent of the glycerol was then removed by 
dialysis through cellophane in a cold room at 10° (1000 ml. of 
extract against 10 volumes of distilled water which was changed 
three times, the time of dialysis being 15 to 20 hours). 

Following this stage of the preparation, two different procedures 
were found suitable for obtaining the phosphatase free from the 
depolymerase. 

Procedure A—-The dialyzed extract was concentrated under 
diminished pressure to one-tenth of its volume and again dialyzed 
overnight to remove the glycerol. When the dialyzed solution 
was kept for several hours at room temperature, a precipitate 
(which contained the larger part of the phosphatase activity) 
settled out. The sediment was centrifuged, washed once with 
water, and dissolved by suspending it in water and carefully 
adding a few drops of dilute ammonia. This solution kept its 
activity at 0° for 2 days. 

Procedure B--To each 1000 ml. of the dialyzed extract were 
added 100 to 150 ml. of an aluminum hydroxide suspension, drop- 
wise with vigorous stirring. The procedure was ended when a 
sample of the centrifugate gave only a slight opalescence with 
trichloroacetic acid. After removal of the aluminum hydroxide 


10 Mathison, G. C., Biochem. J., 4, 233 (1909). 
1 Embden, G., Z. physiol. Chem., 113, 138 (1921). 
2 Klein, W., Z. physiol. Chem., 207, 125 (1932). 
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by centrifuging, the supernatant liquid was concentrated under 
diminished pressure to one-tenth of its volume and again dialyzed 
for a few hours in order to remove the remaining glycerol. This 
solution, which retained 60 to 80 per cent of the original phos- 
phatase activity, was used for the experiments. 

The aluminum hydroxide suspension was prepared by adding 
ammonium hydroxide solution to a 5 per cent solution of aluminum 
sulfate at boiling temperature. The precipitate was washed until 
the supernatant liquid turned slightly opalescent. 

Remarks—-Procedure B is similar to the method of Schaffner 
for the preparation of yeast phosphatase." 

For large scale preparation of the enzyme, the use of glycerol 
involves the inconvenience of dialyzing large volumes of liquid. 
However, in the absence of glycerol, aqueous solutions of phos- 
phatase were found to be unstable. 

Test for Phosphatase Activity—-5 ec. of a 2 per cent sodium 
thymonucleinate solution, 1 cc. of approximately N ammonia- 
ammonium acetate buffer (pH 9.0), and 2 ec. of the enzyme solu- 
tion were mixed and diluted to a volume of 20 ce. At the end of 
the incubation, 5 ce. of a 20 per cent solution of trichloroacetic 
acid were added. An aliquot part of the filtrate was used for the | 
phosphorus determination. 

Table I contains the results of six series of experiments, each 
series having been repeated several times with the same results. 
The enzyme solutions used in individual series differed in their 
method of preparation but the identical enzyme solution was used 
for all substrates investigated in any one series. 

Series 1—-The enzyme used was a suspension of fresh mucosa in 
2 per cent sodium bicarbonate solution (1:5). 

10 ce. of 1 per cent solution of sodium nucleinate + 1 cc. of the n 
buffer solution + 2 cc. of magnesium acetate (1 per cent) + 5 ce. 
of enzyme suspension were allowed to digest 1 hour at 37°. 

Series 2—The enzyme used was the precipitate obtained accord- 


13 Schaffner, A., Bauer, E., and Berl, H., Z. physiol. Chem., 232, 213 
(1935). 

‘4 The lack of adsorption affinity towards aluminum hydroxide seems 
to be a property characteristic of the alkaline phosphatase, since enzyme 
preparations from such different sources as intestine, liver, and yeast show | 
the same behavior in this respect. 
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ing to Procedure A. Digestion was as in Series 1. The amount 
of enzyme was equivalent to that in Series 1 (calculated for fresh 


mucosa). 


TABLE | 
Effect of Phosphatase Preparations on Various Types of Thymonucleic Acid 


| Phosphatase | Substrate’ P released 
| ‘per cent 
from 
mg total P 
tn sub- 
strate 
1 | Crude | Thymonucleie acid (H.) | 0.73) 12.2 
| | 1.17 17.0 
| 3.60, 57.6 
| _ Glycerophosphate 63.0 
2 | Purified | Thymonueleie acid (H.) | 0 0 
| 2.94 46.8 
Glycerophosphate 4.00 57.7 
3 in absence Thymonucleic acid (H.) | 
| of Mg 0.75 10.9 
| | ao | 3.65) 57.3 
| (F.) (repre- 5.23, 83.2 
| cipitated) | | 
Thymonucleic acid (H.) 
Same after digestion with pan- 4.6 
-ereatin | 
6 Crude (dialyzed gly- 100 mg. thymonucleic acid (H.) | 0.22 
cerol extract) | 100 “ 132.3% 
+ 100 mg. thymonucleic acid 
(F.) 


| 100 mg. thymonucleic acid (H.) 3.44 
| + 50 mg. glycerophosphate 


* The letters H., N., L., and F. in parentheses represent Hammarsten’s, 
Neumann’s, Levene’s, and Feulgen’s thymonucleie acid respectively. 


Serves 3—The enzyme used was the precipitate obtained accord- 
ing to Procedure A, 10 ce. of the enzyme solution corresponding 
to 2.5 ce. of glycerol extract. 
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5 ce. of 2 per cent sodium nucleinate solution + 1 ec. of the 
buffer solution + 10 ce. of enzyme solution were allowed to digest 
1 hour at 40°. 

Series 4-—Feulgen’s nucleic acid was reprecipitated from a 20 
per cent solution by adding a sufficient amount of 20 per cent 
hydrochloric acid and 4 volume of 95 per cent alcohol. The pre- 
cipitate was washed and then dissolved in water by neutralization 
with sodium hydroxide. Precipitation of the sodium salt was 
accomplished by adding 4 volumes of 95 per cent aleohol. The 
conditions of the experiment were as in Series 3; duration, 2 hours 
at 40°. 

Series 5. Depolymerization of Hammarsten’s Thymonucleic 
Acid—-5 gm. of nucleinate were dissolved in 100 ec. of 1 per cent 
pancreatin solution (Merck). The solution was incubated 2 days 
at 37°. The reaction product was precipitated with 500 cc. of 
95 per cent alcohol. Yield, 4.5 gm. (The precipitate was no 
longer fibrous.) It was reprecipitated as in Series 4. 

The enzyme used was dialyzed glycerol extract, purified by 
treatment with ! volume of aluminum hydroxide suspension. 
The conditions of the experiment were as in Series 3; duration, 3 
hours at 37°. 

Series 6—-The enzyme used was dialyzed glycerol extract (the 
amount in each sample corresponding to 0.7 ec. of crude extract). 
The conditions of the experiment were as in Series 2. 


Sedimentation Experiments 


The sedimentation of Feulgen’s and of Neumann’s nucleic acids 
in the form of their sodium salts was investigated in the analytical 
ultracentrifuge of Bauer and Pickels.® 

0.05 per cent solutions of the sodium nucleinates were used, to 
which 1 per cent sodium chloride was added to minimize elec- 
trical influences. The sedimentations were recorded  photo- 
graphically by the light absorption method of Svedberg, ultra- 
violet light (2536 A.) being used for the illumination. Each 
solution was subjected to a mean centrifugal force 210,000 times 
gravity at 54,000 r.p.m. for 35 minutes. 

As shown by the photographs in Fig. 1, the molecules of Feul- 


% Bauer, J. H., and Pickels, E. G., J. Exp. Med., 66, 565 (1937). 
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gen’s nucleic acid were apparently so small that no appreciable 
sedimentation occurred. As illustrated in Fig. 2, however, the 
particles of Neumann’s nucleic acid sedimented quite readily, 
although at varying rates. A comparison of Figs. 1 and 2 sug- 
gests a manifold difference in the average molecular weights of the 
two types of nucleic acid. This conclusion is in agreement with 
the observations that Neumann’s nucleic acid shows a considerably 
higher viscosity and a great tendency to gelatinize. 

The very blurred appearance of the sedimenting boundary for 
Neumann’s substance (Fig. 2) is most probably due to a wide 
range of particle size. The majority of the particles sedimented 
at rates lying between 8 and 100 & 10~ em. per sec. per dyne, the 
minimum rate being far better defined than the maximum. These 
values indicate, in accordance with Stokes’ law, that the smallest 
molecules of Neumann’s sodium nucleinate have a molecular 
weight of at least 50,000'® and that some of the particles have 
molecular weights considerably above 1 million. The actual 
weights, which may be considerably greater, could not be com- 
puted, since information regarding the shape or diffusion coeffi- 
cients of the particles is not available. 

Nothing definite can be stated about the molecular weight of 
Feulgen’s nucleinate. The fully depolymerized substance has a 
molecular weight of 1341. 

Because of the very strong absorption of ultraviolet light by 
the nucleinates, their sedimentation in concentrations above 0.05 
per cent was not investigated. Whether an increase in the con- 
centration would lead to an association of particles remains an 
open question. 

For estimating these molecular weights from centrifugal data, 
it was necessary to determine the approximate density of sodium 
nucleinate particles in water. This was done by the pycnometer 
method for Hammarsten’s, Neumann’s, and Feulgen’s substances. 
In each instance, the amount of residual water present in the stock 


16 In a preliminary note (Schmidt, G., and Levene, P. A., Science, 88, 
172 (1938)), a rough estimate of the minimum molecular weight was given 
as 200,000. For this calculation the density was taken to be approximately 
the same as that of most proteins and sugars; namely, 1.3 to 1.4 gm. per ee. 
Our own recent determinations, as given in the text, indicate a higher 
value for the density of the nucleinates. 


| 
| 


258 Desoxyribonucleice Acids 


material, which had been prepared by desiccating at room tem- 
perature, was determined by drying a sample to constant weight 
at 110°. With all three preparations a density value of ap- 
proximately 2 gm. per cc. was found for the dry material (Ham- 
marsten’s nucleinate 2.15 gm. per cc., Neumann’s nucleinate 1.75 
gm. per cc., Feulgen’s nucleinate 1.81 gm. per ec.). The high 
values for the densities of the sodium nucleinates are in agreement 
with the general behavior of sodium salts as compared with that 

_of the corresponding free organic acids. The densities of solu- 
tions of the free nucleic acids in water cannot be determined be- 
cause of their insolubility. 

However, we have estimated the density of a 1 per cent solution 
of thymonucleohistone and obtained the value of 1.41 gm. per ce. 
which is only slightly higher than the density of most proteins 
(1.33 gm. per ce.). 


SUMMARY 


1. Sedimentation studies revealed that sodium desoxyribo- 
nucleinate prepared by different methods shows a range of molec- 
ular weights approximately between 1500 and above 1 million. 
The acid prepared by Neumann’s method consists of a mixture of | 
substances of varying degrees of polymerization. | 

2. Native desoxyribonucleic acid is not dephosphorylated by 
purified intestinal extracts. 

3. Desoxyribonucleic acid, depolymerized by Feulgen’s method 
and further purified, is dephosphorylated by crude and by puri- 
fied enzyme to approximately the same extent. 

4. Desoxyribonucleic acid containing a considerable proportion 
of native nucleic acid is dephosphorylated to different degrees by 
crude and purified enzyme. 

5. The state of polymerization of desoxyribonucleic acid can be 
appraised by determining its reaction to pure and crude intestinal 
extract. 

6. It is not as yet known whether the variations in the stability 
of the nucleic acids as a function of degree of polymerization are to 
be attributed to differences in their susceptibility to the action of 
phosphatase or of polynucleotidase. This point will be made the 
topic of a separate study. 
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Addendum—In a recent publication, Bredereck, Caro, and Richter " at- 
tribute to Levene and Dillon a statement to the effect of the existence in 
the gastrointestinal secretion of the dog of two different nucleinases, one 
specific for ribo- and the other for desoxyribonucleie acid. 

This conception they refute by the finding that a phosphatase obtained 
from sweet almonds acts with the same velocity on the two nucleic acids. 

In no place have Levene and Dillon made the statement attributed to 
them. Furthermore, the enzyme obtained from sweet almonds active at 
pH 4.9 to 5.1 has no bearing on the nucleases of gastrointestinal origin 
active at pH 8.5 to 9. 


EXPLANATION OF PLATE 4 


Fia. 1. Photographs taken with the ultracentrifuge showing the failure 
of Feulgen’s nucleinate to sediment appreciably in a centrifugal field 
210,000 times gravity. The pictures were taken at 5 minute intervals. 

Fia. 2. Sedimentation photographs of Neumann’s gelatinizing nu- 
cleinate in a centrifugal field 210,000 times gravity, showing the settling 
of particles with a blurred boundary. The pictures were taken at 5 minute 


intervals. 


7 Bredereck, H., Caro, G., and Richter, F., Ber. chem. Ges., 71, 2389 
(1938). 
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QUANTITATIVE INVESTIGATIONS OF AMINO ACIDS 
AND PEPTIDES 


V. THE FUNCTION OF IODINE IN AMINO NITROGEN ANALYSES 
BY THE NITROUS ACID METHOD 


By MAX 8. DUNN ano IRVING PORUSH 


(From the Chemical Laboratory, University of California at 
Los Angeles, Los Angeles) 


(Received for publication, October 7, 1938) 


A modification of the Van Slyke manometric amino nitrogen 
method by which theoretical results are obtained with glycine 
and cystine is described in a recent paper by Kendrick and Hanke 
(1). The amino nitrogen values for these amino acids are brought 
to the normal level by means of a nitrous acid-acetic acid reagent 
to which iodide has been added. 

Because iodine was found to be as effective as iodide in giving 
theoretical values for glycine and cystine, it was assumed that the 
abnormal reducing groups (sulfide sulfur of cystine (2, 3) and the 
deaminized glycine molecule (3)) were oxidized by iodine before. 
they could react appreciably with nitrous acid. As support for 
this theory, it was reported that iodide, when mixed with nitrous 
acid, is immediately oxidized to iodine and that the cystine ab- 
normality is not eliminated by iodide when the deaminizing mix- 
ture contains thiosulfate. Practically no iodine is formed under 
these conditions. 

On the other hand, the fact that the ferric-ferrous system, which 
has approximately the same oxidation-reduction potential as the 
iodine-iodide system, had no effect on the nitrogen values from the 
reaction of cystine and nitrous acid stands in opposition to this 
theory. The further observation that sulfate is formed when 
cystine is treated with nitrous acid in the presence, as well as in 
the absence, of iodide appears to have no critical significance. 

In other experiments, Kendrick and Hanke found that leucine, 
alanine, glutamic acid, lysine, histidine, and tyrosine yield iden- 
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tical values with, or without, iodide. It was stated, however, 
that, ‘“Tryptophane is one amino acid yielding non-theoretical 
values, 40 to 60 per cent, when KI is used.”’ 

Comparative studies of blood filtrates led these authors to the 
conclusion that the ‘‘KI methods yield consistently lower results, 
by 8 to 15 per cent,. than do Van Slyke’s and other non-KI 
methods.”’ 

It is evident from the present authors’ experimental data, given 
in Table I, that the results reported by Kendrick and Hanke for 
leucine, cystine, and tryptophane, but not for glycine, are confirmed. 
It was of interest, therefore, to give further consideration to the 
probable explanation for the iodide effect. 

It is difficult to accept the theory that iodine preferentially 
oxidizes cystine sulfide and deaminized glycine. Iodine is a 
weaker oxidizing agent than nitrous acid at comparable concentra- 
tions (see data given in Table II) and there should be greater 
divergence in the oxidizing capacities of these agents in the ex- 
perimental solutions which contained iodine in less than 0.01 the 
molal concentration of the nitrous acid. In order to test the pos- 
sibility that the rate of oxidation by iodine might be faster than 
that by nitrous acid, separate solutions were prepared containing 
cystine and iodine in 100 times, and nitrous acid in 2 times, the 
molal concentrations of these substances in the experimental 
solutions. It was found that sulfate (tested as barium sulfate) 
was formed in easily detectable amounts when a mixture of equal 
volumes of the cystine and nitrous acid solutions had stood for 
30 seconds but that no sulfate was formed in 60 minutes when the 
iodine and cystine solutions were tested similarly. 

A clue to what is thought to be the correct explanation for the 
iodide effect was found during the analysis of methionine. The 
amino nitrogen values obtained by the use of freshly prepared 
iodide solution were approximately theoretical, but they fell 
progressively to the minimum figure of approximately 94 per cent 
of the theoretical amount as the iodide solution aged during a 
period of 1 week. It was noted, too, that the quantity of iodine 
in the stock iodide solution increased during this period, presum- 
ably owing to atmospheric oxidation. In order to verify the 
assumption that iodine is the factor indirectly responsible for the 
iodide effect, an analysis of methionine was made with a freshly 
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TABLE 


Effect of Iodide upon Amino Nitrogen Values 


Amino N, per cent of theoretical amount 


Amino acid* | Manometric method _ Values by volu- 
| metric method 
without KI reported 
bic Without KI With KI | in literature 
d-Arginine monohydro- 100.0 (4 min.) | 102.1 (6 min.) | 104-150f (3) 
chloride 
l-Cystine 128.7 99.6 (5 “ 109 (4) 
101.0 (0 (1) 
99.4 (15 111-131f (3) 
Cysteine hydrochloride) 128 100 113f (3) 
Glycine 102 .9§ 103 .1§ 103 (4) 
| 105.5-108|| (5) 
| 108-117f (3) 
l-Leucine 100.0 99.8 100 (6) 
dl-Methionine 100.2 99.2 100 (7) 
l-Tryptophane 99.6 48.9 118-194f (3) 
dl-Serine 103.4 99.8 105-108** (3) 
Glutathione 194-253 (4-10 | 204 (4 min.) Higher than 
min.) theoretical 
(8) 


* The glutathione, cysteine hydrochloride, and l-tryptophane were Pfan- 
stiehl Chemical Company’s products. The purity of the glutathione and 
the cysteine hydrochloride was found to be 97.1 and 93.4 per cent, re- 
spectively, according to iodometric analysis by the method of Virtue and 
Lewis (9). According to Shinohara (10), l-cystine is the principal impurity 
in cysteine hydrochloride and it may be present in commercial samples by 
as much as 10 per cent by weight. The assumption that cystine and 
cysteine respond similarly to the iodide effect serves to explain the analyti- 
cal data reported for the latter compound. The other amino acids were 
prepared by Amino Acid Manufactures. Their purity was 99.8 + 0.3 per 
cent according to Volhard analysis and analyses by the formol titration- 
glass electrode method of Dunn and Loshakoff (11). The figures quoted are 
averages of two, three, or four runs which showed maximum deviations of 
0.8 per cent. 

Tt 4 to 6 minutes at 45°. 

t Manometric method. 

§ Average of four determinations. 

| 1 to 5 minutes. 

‘ Freed from methionine by the method of Fox (12). 

** 4 to 30 minutes at 45°. 
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prepared solution of potassium iodide saturated with iodine. The 
expected figure for amino nitrogen, approximately 94 per cent of 
the theoretical amount, was obtained. 

The further observation was made that a red precipitate, 
thought to be mercuric iodide, appeared in the manometric de- 
aminizing apparatus when | week-old potassium iodide solution 
was used for the analysis. As may be inferred from the data in 
Table II, nitrous acid is capable of oxidizing mercury to the mer- 
curous and mercuric forms. In view of these circumstances it 
seems reasonable to postulate that the iodide effect with methio- 
nine, cystine, cysteine, and tryptophane may be due to the for- 
mation of slightly soluble, or feebly ionized, complexes of mercuric 
iodide with the sulfur, nitrogen, or other atoms of these molecules. 


In the case of soluble complexes, the reaction of nitrous acid with - 


TABLE II 
Molal Reduction Potentials 
Couple | Eo, volt 
3I- = Ip + 2¢ | —0.54 
NO + H,O = HNO, + H* + 2e | —0.98 
2Hg = Hg; * + 2e —0.80 
Hg; * 2Hg + 2e | —0.92 
Fet+ = Fet++ + e | —0.74 


the primary amine nitrogen would proceed normally but the ab- 
normal production of nitrogen by the reaction of nitrous acid with 
other groups would be prevented. When the values for amino 
nitrogen are reduced below the theoretical amount, it may be 
assumed that insoluble complexes are formed. 

If the iodide effect is due to the formation of mercuric iodide 
complexes, analyses of the ‘‘abnormal’’ amino acids in the Van 
Slyke volumetric apparatus should yield identical amino nitrogen 
values with, and without, iodide in the deaminizing reagent. 
Tests made on cystine with iodide-free, and iodide-containing, 
reagents gave identical amino nitrogen values (112.0 and 111.8 
per cent of the theoretical amount). These figures agree closely 
with those reported for cystine from 4 minute runs with the vol- 
umetric apparatus (3). On the other hand, approximately the 
theoretical value was obtained when cystine was allowed to re- 
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act with the nitrous acid-acetie acid reagent to which a solution of 
the complex salt, K:HglI, (mercuric iodide in freshly prepared 
potassium iodide solution), had been added. 

The fact that complexes are readily formed from mercuric 
halides and the amino acids under consideration is well known. 
Examples of these and related types of complexes are those which 
have been shown to be formed from alkyl sulfides and mercuric 
iodide (13) but not from alkyl sulfides and mercurous salts (14), 
from dithiodihydracrylic acid and mercuric bromide (10, 15), 
from cystine (as cysteine) and mercuric chloride (10, 15), from 
tryptophane and mercuric sulfate (16), and from methionine and 
mercuric acetate (17) or methionine and mercuric chloride (18). 
The apparent failure of glycine to form complexes with mercury 
salts is in harmony with the authors’ experimental results and 
explanation for the iodide effect. 

The exceptionally low values for amino nitrogen obtained in the 
analyses of tryptophane may be explained by the formation of an 
insoluble addition product with iodine. This would appear to be a 
reasonable hypothesis, inasmuch as Neuber and Nikolaus (19) 
prepared and analyzed comparable insoluble chlorine and _ bro- 
mine addition products. 

The authors’ attempts to isolate the complex assumed to be 
formed from cystine and mercuric iodide were unsuccessful. <A 
solution of an equimolar mixture of cystine and potassium mer- 
curic iodide was evaporated in a current of air. The yellow crys- 
talline product was dissolved in alcohol, the solution filtered to 
remove undissolved cystine, and the filtrate evaporated to dry- 
ness in a current of air. The hygroscopic residue was taken up in 
acetone and, when the solution was cooled, a white crystalline 
substance precipitated. This product could not be dried without 
decomposition. It may be assumed from the observations of 
Preisler and Preisler (15) and those of Andrews and Wyman (20) 
on the mercuric chloride and mercuric sulfate complexes of 
cystine, however, that the corresponding mercuric iodide com- 
plex would have the structure 
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The isolation of the complexes of methionine and tryptophane was 
not attempted. 

Kendrick and Hanke state that, ‘‘Since the iodide, when mixed 
with nitrous acid, is immediately oxidized to iodine, one may con- 
clude that it is the oxidizing action of the iodine, rather than the 
reducing action of the iodide, which is the effective agent. ‘This is 
supported by the observation that if in place of 1 ec. of 20 per cent 
(1.2N) KI, 1 ce. of 0.6 N KI and 0.6 N NaeSeQ; is used, under which 
conditions practically no iodine is liberated by the nitrous acid, 
the values with cystine are about 140 per cent, the same as by 
Van Slyke’s method in which no iodide is used.” The present 
authors’ deductions are somewhat different from those advanced 
by Kendrick and Hanke. 

It may be assumed that iodide is oxidized immediately to iodine 
by nitrous acid but, under the experimental conditions, this reac- 
tion would not proceed to completion. The evidence reported in 
the present paper would seem to substantiate this conclusion. It | 
appears probable, also, that ‘“‘practically no iodine is liberated by 
nitrous acid”’ from iodide when thiosulfate is present, although 
this observation has no critical signifieance if the present authors’ 
explanation of the iodide effect is correct. 

That the amino nitrogen values are about 140 per cent of the 
theoretical amount when cystine is analyzed by means of a deami- 
nizing reagent containing both iodide and thiosulfate is thought to 
be the net result of two competing reactions. The formation of 
the cystine-mercuric iodide complex should proceed as well in the 
presence, as in the absence, of thiosulfate. The amino nitrogen 
values for cystine should tend to approach the theoretical because 
of this factor. On the other hand, thiosulfate is capable of reduc- 
ing nitrous acid to nitrogen, as was demonstrated in an experiment 
performed by the present authors. It was found that approxi- 
mately 50 ml. of nitrogen were formed from the reaction of nitrous 
acid with 1 ml. of 0.6 N thiosulfate in the deaminizing chamber of 
the Van Slyke manometric apparatus. The amino nitrogen 
values found for cystine would be higher than the theoretical 
amount, therefore, when thiosulfate is present. 

The observations of Kendrick and Hanke that the amino nitro- 
gen of blood filtrates, measured by means of the potassium iodide- 
manometric method, is lower by as much as 15 per cent than the 
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values obtained by non-potassium iodide methods was confirmed 
by the authors’ experiments with beef blood filtrates. Similar 
analyses carried out with the volumetric apparatus and potassium 
mercuric iodide-containing reagents gave results which did not 
differ significantly from those obtained with reagents lacking this 
complex. A satisfactory explanation of these observations cannot 
be given at the present time. 

Whether or not amino nitrogen values of blood filtrates obtained 
by the use of iodide-containing reagents are to be preferred to 
those found with non-iodide reagents is an important point. 
According to present knowledge, the amino nitrogen in human 
blood filtrates, measured by the manometric iodide method, is 
approximately 15 per cent less than the average 0.010 gm. per 
100 ml. (21) found in analyses by manometric non-iodide methods. 
It may be assumed from the observations of Kendrick and Hanke, 
and those of the present authors, that only cystine and trypto- 
phane of the amino acids in blood can be mainly responsible for 
this effect. It seems probable, however, that cystine is a rela- 
tively unimportant factor in this connection because its concen- 
tration in blood is negligible (22, 23). On the other hand, it can 
be readily shown by a simple calculation that tryptophane, which 
is present in blood in a concentration of approximately 1.0 mg. 
per 100 ml. (23), is the source of only about 2.5 per cent of the 15 
per cent decrease in blood amino nitrogen. 

It may be deduced, therefore, that reducing substances, other 
than amino acids, are the principal cause of the observed decrease 
in blood amino nitrogen. Substances of interest are glucose, as- 
corbic acid, glutathione, and thioneine (ergothioneine). <A precise 
evaluation of the effect of these substances upon the amino nitro- 
gen in blood filtrates, measured by iodide and non-iodide methods, 
cannot be made at the present time, because their concentration 
varies widely with different protein-precipitating agents. 

It is known, however, that the concentration of glucose, ascor- 
bie acid (24), glutathione (25), and thioneine (26) in blood is ap- 
proximately 80, 1, 7.5, and 5 mg. per 100 ml., respectively. Al- 
though no data are available for ascorbic acid and thioneine, the 
authors’ experiments show that about 1 and 10 per cent, respec- 
tively, of the total amino nitrogen measured by non-iodide methods 
could be accounted for by reactions of glucose and glutathione 
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with nitrous acid. It has been shown further that amino nitrogen 
from glutathione is unaffected by the presence of iodide in the 
deaminizing reagent. 


Experiments which the authors plan to undertake may throw 


additional light on these problems. 
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A RAPID MICROMETHOD FOR THE QUANTITATIVE 
ESTIMATION OF SUGAR ALCOHOLS 


By W. R. TODD, JOHANNA VREELAND, JANE MYERS, anpb 
EDWARD 8. WEST 


(From the Department of Biochemistry, University of Oregon Medical School, 
Portland) 


(Received for publication, October 17, 1938) 


In studying the metabolism of sorbitol and mannitol in experi- 
mental animals (1) it is desirable to have at hand a rapid method 
for the estimation of these compounds. Of the various methods 
found in the literature none was deemed satisfactory for rapid 
routine analysis. A method was therefore developed which lends 
itself to rapid and fairly accurate estimations of sugar alcohols. 
The method has been applied to the determination of sorbitol, 
mannitol, dulcitol, erythritol, pentaerythritol, and inositol, and 
should be applicable to the other sugar alcohols. The reactions 
involved are not specific for these compounds and consequently the 
method, though satisfactory for the work to which we have 
adapted it, has distinct limitations. 

The principles of the Hagedorn-Jensen sugar method have been 
used with modifications in technique and reagents to meet special 
requirements. The method described below represents the best 
procedure so far developed. 


Method 


Reagents— 

1. 1.08 per cent potassium ferricyanide in water. 

2. 5 per cent sodium sulfate in 3.33 N sodium hydroxide. 

3. 15 per cent zinc acetate and 12 per cent potassium iodide in 
combined solution. 

4. Glacial acetic acid. 

5. 0.005 nN sodium thiosulfate. 
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Procedure 


Pyrex tubes (25 & 200 mm.) are charged with 5 ml. of a solu- 
tion containing 0.1 to 0.7 mg. of sugar alcohol. Water blanks are 
run concurrently. 3 ml. of Reagent 1 are added to each tube. 3 
ml. of Reagent 2 are rapidly added to duplicate or triplicate sam- 
ples as the case may be. The tubes are immediately covered with 
glass bulbs and, after the contents are mixed, are placed simul- 
taneously in a boiling water bath. The time required to add Re- 
agent 2 to three tubes and place them in the water bath need not 
exceed 1 minute. After heating for 30 minutes the tubes are re- 
moved to a cold water bath in sets and in the same order in which 
they were placed in the boiling bath, so that each set of tubes is 
subjected to exactly 30 minutes heating. Reagents 3 and 4 are 
mixed in approximately equal portions and, when the tubes have 


TABLE 
Titration Difference for Sorbitol and Mannitol with Varying Concentrations 


| Titration difference, 0.005 n thiosulfate 
Concentration per 5 ml. 


| Sorbitol | Mannitol 
mg. | ml | mil. 
0.1 0.92 0.93 
0.3 2.63 2.73 
0.5 | 4.36 4.17 
0.7 | 5.83 4.96 


cooled, 5 ml. of this mixed reagent are blown into each tube from a 
fast flowing 5 ml. pipette. The liberated iodine is titrated with 
0.005 n thiosulfate, starch indicator being used near the end-point. 

Heating Time and Factor Equivalents—In a method to be used 
for routine work it is expedient that the time required to complete 
an analysis be as short as possible. The length of time allowed 
for the reduction is of prime importance in this connection. Re- 
coveries of known amounts of sugar alcohols in pure solution have 
been tried with various heating periods from 10 minutes to 1 hour. 
It was found that the shortest time of heating commensurate with 
the accuracy desired is 30 minutes. After this interval the reac- 
tion is fairly well completed and little error results from slight dis- 
crepancies in timing. 


; 
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The relation between sorbitol concentration and titration differ- 
ence is not linear and a curve must be prepared for the calcula- 
tion of results. This is true for all of the alcohols investigated. 
Table I gives our values for sorbitol and mannitol in varying con- 
centrations of pure solutions. It is a relatively simple matter for 
anyone wishing to make use of the method to develop curves for 
his own use. 

Recovery of Sorbitol and Mannitol—Recovery of known amounts 
of sorbitol and mannitol ranged from 95 to 110 per cent. Treat- 
ment with HgSO, and BaCOQO; (vide infra) does not interfere with 
recoveries. From blood and urine 85 to 105 per cent of added 
sorbitol or mannitol has been recovered regularly. 

Determination in Urine and Blood—The procedure given below 
has been used in following the excretion of sorbitol in urine and 
its concentration in blood after intravenous injection (1). Since 
glucose and other substances reduce the ferricyanide reagent, it 
is necessary to determine the sorbitol-reducing equivalent of the 
fluids before giving the sorbitol and to subtract these values from 
those found following its administration. The West-Scharles- 
Peterson (2) method of clarification has been used for blood and 
urine. | 

Urine--10 ml. of urine are added to 75 ml. of water in a 250 ml. 
Erlenmeyer flask and 15 ml. of HgSO, reagent (28 per cent HgSO, 
in 2 N H,SQO,) are added; the mixture is neutralized with BaCOQ,; 
(about 28 gm.) and filtered. 1 gm. of zine dust per 15 ml. of 
filtrate is added to remove traces of mercury. After filtering 
again through a fine paper such as Whatman No. 42, the filtrate 
is diluted according to the concentration of sorbitol present and 
the reduction estimated as outlined. 

Blood—5 ml. of blood are added to a flask containing 90 ml. of 
water. After laking is complete 5 ml. of HgSO, reagent are added 
and the mixture neutralized with about 9 gm. of BaCQ;. Zine 
dust is employed as in the case of urine filtrates. The final filtrate 
is diluted as necessary before analysis. The reducing equivalent 
of sorbitol and the other alcohols is changed by the presence of 
glucose in the blood. Consequently corrections must be made 
for this contingency. 

We have accomplished this by determining the glucose equiv- 
alent in blood filtrates free of sugar alcohol and then determining 
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the reduction in another filtrate of the same blood after the addi- 
tion of known amounts of a sugar alcohol. By simple calculation 
a factor for the compound in question is obtained. Large varia- 
tions in the glucose content of blood samples under experimental 
conditions necessitate the determination of such factors con- 
currently with sugar alcohol estimations. 


DISCUSSION 


Potassium ferricyanide is not stable in strong alkali; a slow 
decomposition occurs with the production of ferric hydroxide. 
The ferricyanide reagent is thus prepared in aqueous solution. 
Sugar alcohols react in the cold with ferricyanide in alkaline solu- 
tion and for this reason samples for analysis are placed in the water 
bath immediately following the addition of the alkali. Another 
point that must be considered is the reaction between the potas- 
sium lodide-zine acetate mixture and glacial acetic acid. When 
these are mixed, iodine is slowly liberated and it is essential that 
this solution be prepared immediately before use. The end-point 
in the titration is well defined and little difficulty is encountered 
if good lighting is provided. 

The method outlined has proved very satisfactory for biological 
work even in view of the limitations resulting from the fact that 
many substances in physiological solutions besides sugar alcohols 
react with the ferricyanide solution in the strongly alkaline 
medium employed. In blood filtrates, for instance, recoveries of 
added sorbitol were apparently very poor before it was ascertained 
that sorbitol exhibits less reduction in the presence than in the 
absence of glucose. The reason for this we believe is that glucose 
is attacked far more readily at the high pH by the ferricyanide 
reagent than is sorbitol. The result is that less ferricyanide is 
present after a short initial period of reduction to oxidize the 
sorbitol. It is, therefore, necessary in blood work to determine a 
factor for sorbitol in the presence of glucose. After this rather 
simple expedient was worked out, it was found that recoveries of 
added sorbitol from blood were sufficiently accurate for our pur- 


pose. Because the sugar alcohols do not reduce the ordinary cop- 


per reagents, it is possible to determine blood sugar in the presence 
of these compounds. 
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SUMMARY | 


A rapid method for the estimation of sugar alcohols is pre- 
sented. 0.1 to 0.7 mg. in 5 ml. of solution may be determined in 
properly clarified filtrates of blood, urine, ete. 
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ON THE METABOLISM OF SORBITOL AND MANNITOL* 


By W. R. TODD, JANE MYERS, anp EDWARD 8. WEST 


(From the Department of Biochemistry, University of Oregon Medical School, 
Portland) 


(Received for publication, October 17, 1938) 


Following the demonstration (1) that sorbitol acts as an efficient 
diuretic in dogs, we have interested ourselves in a study of the 
metabolism in experimental animals of this sugar aleohol and one 
of its isomers, mannitol. <A review of available literature con- 
cerning the metabolism of these compounds reveals considerable 
difference of opinion as to utilization, glycogen formation, ete., 
in animals. Variations in species response and in techniques em- 
ployed may in part explain the discrepancies reported. The 
value of sorbitol in the diabetic diet is similarly controversial. 

As early as 1883 Jaffe (2) demonstrated that after feeding man- 
nitol to dogs large quantities can be recovered unchanged from 
the urine. Rosenfeld (3) observed no significant increase in liver 
glycogen in dogs after feeding mannitol. Following the adminis- 
tration of 100 gm. each of several carbohydrates dissolved in a 
glass of water to fasting colored males, Field (4) reported an aver- 
age increase in blood sugar of 10 mg. per cent when mannitol was 
given compared to a 40 mg. per cent increase after the ingestion of 
glucose. Ariyama and Takahashi (5) reported mannitol to be far 
inferior to starch as a carbohydrate source for rats. It was also 
noted by-Lafon (6) that in mice mannitol is utilized to a very slight 
extent or not at all and is toxic in sufficient quantity. However, 
it was reported that sorbitol is not toxic up to 30 per cent of the 
ration and that it seems to be completely metabolized. On the 
other hand Lecog (7) observed that both mannitol and sorbitol are 
completely utilized by pigeons when they comprise 35 per cent, 
and the only carbohydrate source, of a lipid-rich ration. 66 per 


* Aided by a grant from the Committee on Scientific Research, American 
Medical Association. 
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cent of either in the diet resulted in death of the animals. Voegt- 
lin, Dunn, and Thompson (8) studied a number of carbohydrates 
and listed mannitol as slightly or doubtfully protective to rats 
previously given normal lethal doses of insulin. 

Only two papers have come to our attention regarding the pos- 
sibility of glycogen deposition in fasted rats following the adminis- 
tration of mannitol. Carr, Musser, Schmidt, and Krantz (9) 
fasted rats for 24 hours and then fed cacao-butter containing 33 
per cent mannitol. After 80 hours on this diet these animals 
showed large increases in liver glycogen compared to controls fed 
cacao-butter only. Silberman and Lewis (10) administered 2 to 
4 ml. of 15 per cent mannitol by stomach tube to rats fasted 24 
hours and aiter absorption periods of 2, 3, 4, and 6 hours found no 
increase in liver glycogen over controls which had received like 
amounts of water. These authors stated that their results can- 
not be compared with those of Carr et al. because of the great 
dissimilarity in technique employed. We are unaware of any 
work substantiating or refuting these results. 

Embden and Griesbach (11) reported that sorbitol solution per- 
fused through livers from dogs previously phlorhizinized resulted 
in the formation of a mixture of fructose and glucose. However, 
lactic acid was formed when liver tissue from dogs fasted but not 
phlorhizinized was employed. Koike (12) found increased blood 
sugar and blood lactic acid following the intraperitoneal adminis- 
tration of sorbitol to rabbits, but Roche and Raybaud (13) stated 
that this aleohol is not transformed into liver glycogen by the 
fasting rabbit and that it is without effect on insulin hypoglycemia 
in these animals. Payne, Lawrence, and McCance (14) reported 
the failure of ingested sorbitol to increase the liver glycogen con- 
tent of fasted rats. Thannhauser and Meyer (15) fasted dogs and 
then fed lean meat and glucose or lean meat and sorbitol for 3 days. 
The liver glycogen content of both groups showed about equal 
values and they stated that sorbitol is built into liver glycogen as 
readily as is glucose. 

A number of authors (14, 16-18) are of the opinion that sorbitol 
has a place in the diabetic diet, while others (19-23) feel that it is 
to be avoided in such a diet. 

Because of the controversial nature of the data and interpreta- 
tions relative to the metabolism of sorbitol and mannitol in the 
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animal body, the writers have undertaken experiments in an at- 
tempt to clarify the situation. 

Recovery from Urine of Sorbitol Given Intravenously-—-Normal 
female dogs were catheterized and then given 50 ml. of 50 per cent 
sorbitol intravenously over a period of 5 minutes. At varying 
intervals for 24 hours urine was collected by catheterization, or 
from the metabolism cages if voided, and kept in an ice box under 
toluene for sorbitol estimations. (Methods for the determination 
of sorbitol and other sugar alcohols are given in the preceding 
paper.) It is seen from the data in Table I that approximately 
40 to 50 per cent of the injected sorbitol was recovered from the 
urine. Practically no excretion of sorbitol occurred after the first 
24 hours. The remaining 50 or 60 per cent was apparently metab- 
olized, as will be shown in a later discussion. Four such experi- 
ments were carried out on each of two dogs; representative data 
are given in Table I. 

The figures in Table I are subject to some error and are to be 
taken as a close approximation only. With the method of deter- 
mination employed dog urine exhibits considerable reduction (5 to 
10 mg. per ml.) and consequently sorbitol determinations on urine 
in these experiments actually give total reduction which is not all 
attributable to the sorbitol present. ‘Total reduction was de- 
termined on 24 hour urine samples from two dogs for 7 consecutive 
days. Arange of 0.4 to 2.6 gm. reduction per day was found with 
an average of 1.4 gm. daily (average of both animals). Consider- 
ing this amount of reduction from sources other than sorbitol 
during the above experiments, an average error in sorbitol recovery 
of about 12 per cent isintroduced. The figures in the third column 
of Table I are thus high. The average per cent recovery in Table 
I is 44.7 and after the above correction is applied this figure be- 
comes 39 per cent, which may be closer to the true value. 

Clearance of Sorbitol from Blood Following Its Intravenous In- 
jection——-Normal dogs were given 50 ml. of 50 per cent sorbitol 
intravenously over a period of 5 minutes. Blood samples were 
withdrawn just previous to and at varying intervals following the 
injection. The samples were oxalated and subjected to sorbitol 
estimation at once. In a number of instances this work was 
carried out concurrently with the urine studies cited above. In 
Fig. 1 representative curves are presented for three dogs. Sor- 
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bitol was rapidly cleared from the blood following the high values 
attained a few minutes after the end of the injection. In all 
instances a peak of 400 to 700 mg. per cent was reached a few min- 
utes after the injection and generally a value rather near the basal 
figure was attained within 2 or 3 hours. However, there is a 


TABLE I 


Recovery of Sorbitol from Dog Urine after Intravenous Injection of 50 M1. of 
50 Per Cent Sorbitol Solution 


Dos No. | from urinein | 
| gm. | per cent 
] 10.13 40.5 
12.14 48.5 
3 | 9.53 38. | 


12.95 51.8 


MGS. PERCENT SORBITOL EQUIVALENT 


0 40 60 80 100 120 140 160 180 
MINUTES AFTER BEGINNING OF INJECTION 


Fic. 1. Blood sorbitol curves following intravenous injection 


distinct tendency for the curve, although flattened at 2 or 3 hours, 
to remain above the basal figure for several hours. This phenom- 
enon has not yet been investigated. In eight such experiments 
on these three dogs the curves all fall within the limits of curves 
plotted in Fig. 1. 

It is to be remembered that these curves are not true values for 
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sorbitol but represent total reduction including glucose, sorbitol, 
and undoubtedly other non-sugar reducing substances. It is 
felt that the validity of the data is little affected by this circum- 
stance, as basal values were always determined. This figure was 
found to be quite constant; in eleven experiments in which basal 
blood reduction was determined with our method a range of from 
118 to 146 mg. per cent was found, while in seven of these instances 
values between 130 and 140 mg. per cent were noted. 

Blood Sugar Level Following Injection of Sorbitol and Mannitol— 
The reports in the literature on the conversion of sorbitol to glu- 
cose in experimental animals are controversial. Under certain 
conditions mannitol may lead to the formation of glucose, although 
little work has been reported on this point. Quantitative data 
and information regarding the speed of such reactions are lacking. 

Normal dogs were given 50 ml. of 50 per cent sorbitol solution 
intravenously over a 5 minute period. Blood sugar was estimated 
on aliquots of the blood samples drawn for sorbitol studies, as 
described above. Clarification of the blood was accomplished by 
the method described by Steiner, Urban, and West (24) and the 
sugar was estimated by the Shaffer-Somogyi technique (25) with 
their Reagent 50. Mannitol and sorbitol do not reduce this re- 
agent. 

Fig. 2 indicates the nature of the true sugar curves. It will be 
seen that a peak of approximately double the basal value is reached 
about 30 minutes after the injection and that in 2 or 3 hours the 
basal figure is approached. 

As mannitol is much less soluble (15 parts per 100 at 18°) than 
sorbitol, it was necessary to use relatively dilute solutions in order 
to compare the two compounds. In these experiments a dog was 
anesthetized with nembutal and given 150 ml. of 15 per cent 
mannitol intravenously over a period of 5 minutes. Blood sam- 
ples were taken as previously and sugar estimations made at once. 
3 days later the same dog was employed similarly except that 150 
ml. of 15 per cent sorbitol were administered. The curves in 
Fig. 3 indicate that under these conditions sorbitol leads to an 
increase in blood sugar, while mannitol does not. The drop in the 
sugar curve after mannitol may be a result of blood dilution. 

Formation of Glycogen from Sorbitol and from Mannitol in 
Fasted Rats—<As the literature offers some confusion regarding the 
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possibility of conversion of sorbitol and mannitol into glycogen in 
experimental animals, we have administered these compounds to 
rats with the hope of clarifying the situation with regard to this 
species at least. Adult white rats, weighing from 150 to 250 


SUGAR 


MGS. PER CENT BL000 


MINUTES AFTER BEGINNING OF INJECTION . 


Fic. 2. Blood sugar curves for Dog 3 following 50 ml. of 50 per cent sor- 
bitol given intravenously. 
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Fic. 3. Blood sugar curves for Dog 4 after the intravenous administra- 
tion of 150 ml. of 15 per cent sorbitol or mannitol. 


gm., from our stock colony were fasted for 40 hours and then given 
a solution of sorbitol or mannitol by stomach tube or by intra- 
peritoneal injection. After various absorption periods the ani- 
-mals were decapitated, the livers removed and ground in a small 
meat grinder, and a sample immediately placed in a weighed tube 
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of alkali. With a little practice this entire operation can be com- 
pleted in about 1 minute. The glycogen was determined by the 
Good-Kramer-Somogyi method (26). A number of the animals 
in each experiment received no supplement and acted as a control 


group. 


TABLE II 


Glycogen Storage in Livers of Fasted Rats (40 Hours) Following 
Administration of Sugar Alcohols 


Time 
Inter- P t 
No. of! guistance | Method of Total | Dove) gotu- | vat be-| Killed | “iver: 
rata | administration given | ime tion tween first glycogen 
| doses | dose | #Verage 
| per cent Ars. Ars. 
3 | Sorbitol | Stomach tube 2 iw tS 8 .06 
3 | None | 0 | 8 0.14 
5 | Sorbitol  Intraperi- 8 4 | 12.5 2 6 1.73 
 toneally | | 
5 | None | | 6 0.26 
5 | Mannitol Stomach tube 1 Fs 20) 2 5 0.33 
§ | None | 0 | | § 0.33 
5 | Mannitol Intraperi- 8 0.27 
toneally | | | | 
5 | None | | | 0.33 
TaBLeE III 
Glycogen Deposition in Livers of Fasted Rats (24 Hours) Subsequently Fed for 
72 Hours 
Eight animals were used in each instance. 
Food | Fed | Average Average 
consumption | _ weight loss glycogen 
| gm. per cent 
13.4 _ Cacao-butter only | 37 0.27 
11.3 | + 33% mannitol 35 | «60.97 
12.4 | ™ + 33% sorbitol | 43 | 0.79 


Table II presents data from several experiments. It is appar- 
ent that sorbitol is readily converted into liver glycogen, while 
mannitol is not handled in the same manner under these experi- 
mental conditions. 
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Glycogen Storage in Previously Fasted Rats after Long Periods of 
Mannitol Feeding—Our results are in accord with those of Silber- 
man and Lewis (10) that mannitol per os does not lead to glycogen 
deposition in fasted rats when only a few hours are allowed for 
absorption. However, the situation is apparently different when 
such animals are allowed to feed over long periods on mannitol 
and fat (Carr et al. (9)). We have further substantiated the 
findings of these authors using their technique, although our re- 
sults show considerably less glycogen deposition. | 

Rats were fasted 24 hours and then fed cacao-butter containing 
33 per cent mannitol or 33 per cent sorbitol ad libitum for a period 
of 72 hours. Controls were given cacao-butter only. At the 
end of this period the animals were sacrificed and their liver glyco- 
gen estimated, as previously described. The data in Table III 
indicate that the ingestion of either of these sugar alcohols leads | 
to the deposition of liver glycogen under these conditions. | 


DISCUSSION 


It was recently pointed out by Mirski et al. (27) that, when rats 
previously fed high protein diets were fasted, glyconeogenesis 
was highly intensified. This protein effect was also evident in 
animals which had been fasted 3 days, for, as explained by these 
workers, the rat organism uses up its store of carbohydrate during 
the first 24 hours of fasting and after that is living on its stock of 
protein and fat. We have noticed that on several occasions when 
our animals were fasted more than 48 hours liver glycogen values 
were found which were considerably above the usual 0.1 to 0.3 
per cent for fasting rats. This we feel is explainable on the basis of 
the protein effect described by the above authors. Low figures for 
liver glycogen can be obtained regularly by fasting rats 40 hours. 

As far as we are aware this paper presents the first data indicat- 
ing that in the dog the intravenous injection of sorbitol results in 
an elevation of the blood sugar. We are also unaware of other 
attempts to study quantitatively the recovery of sorbitol from the | 
urine or its clearance from the blood after its administration to | 


dogs. 


The writers wish to express their appreciation to Dr. H. C. 
Speel of the Atlas Powder Company for kindly supplying sorbitol 
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and mannitol for this work. They are ‘indebted to Dr. Hance 
Haney for assistance in the dog experiments. 


SUMMARY 


1. The intravenous injection of sorbitol leads to an increased 
blood sugar in dogs. Mannitol does not exhibit this action. 

2. Shortly after the injection of 50 ml. of 50 per cent sorbitol 
into dogs, blood clearance curves for this compound show a peak 
and a rapid decrease within the Ist hour. At 2 hours values close 
to the basal figure are reached but are maintained slightly ele- 
vated for several hours. 

3. Under the same conditions about 40 to 50 per cent of the 
sorbitol can be recovered from the urine in 24 hours. After this 
time the excretion is negligible. The remainder of the sorbitol 
is apparently utilized. 

4. When sorbitol is administered to fasted rats by stomach tube 
or by intraperitoneal injection, a deposition of liver glycogen oc- 
curs within 8 hours. Mannitol similarly administered does not 
lead to such a deposition. 

5. When fasted rats are fed over a 72 hour period on mixtures of 
either sorbitol and cacao-butter or mannitol and cacao-butter, 
glycogen is deposited in their livers. 

6. It is evident that sorbitol is much more readily converted 
into glucose and glycogen in the animal body than is mannitol. 
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STUDIES IN PROTEIN METABOLISM 


I. GENERAL CONSIDERATIONS IN THE APPLICATION OF 
ISOTOPES TO THE STUDY OF PROTEIN METABOLISM. 
THE NORMAL ABUNDANCE OF NITROGEN ISOTOPES 
IN AMINO ACIDS* 


By RUDOLF SCHOENHEIMER anpb D. RITTENBERG 


(From the Department of Biological Chemistry, College of Physicians and 
Surgeons, Columbia University, New York) 


(Received for publication, October 3, 1938) 


In 1937 Urey and collaborators (1) reported! the concentration 
of the nitrogen isotope of atomic weight 15 (N) up to 2.5 per 
cent and this has since been increased to more than 15 per cent 
(2). Our aim has been to use this isotope as an indicator for the 
investigation of protein and amino acid metabolism in healthy 
animals on ordinary diets in a way similar to that in which deu- 
terium had been used for the study of fat and sterol metabolism. 

Two different types of isotopes, the radioactive and the stable, 
are available for studies of biological reactions. Work with radio- 
active isotopes is facilitated by the ease of analysis, and numerous 
experiments with inorganic compounds, particularly those of phos- 
phorus, have been carried out with such material in various 
laboratories. The field of application of these products seems at 
present to be limited to the study of inorganic metabolism. 

The intermediary metabolism of organic compounds can be 
studied by using isotopes of only those elements which constitute 
organic matter (C, H, O, N). No radioactive isotopes of these 
elements are known with a half life time long enough to permit 
their use for experiments involving synthesis, administration, 
and isolation from the animal organism. This type of work 
requires the use of stable isotopes, which are obtained by lab- 


* This work was carried out with the aid of a grant from the Josiah 
Macy, Jr., Foundation. 

1 Prior to publishing his results Dr. Urey kindly supplied us with samples 
of isotopic ammonia for biological work. 


285 


~ 
| 
j 
i 
i 
i ‘ 
# 
\ 
a, 
>. 
~ 
4 
} 
is 
> 
rae: 
| 
$0) 


286 Protein Metabolism. I 


oratory fractionation of the natural elements. They involve 
more complex analytical methods. 

The general considerations outlined in the beginning of the work 
with deuterium (3) apply to some extent also to the studies with 
N®. The abundance of this isotope in ordinary nitrogen is 0.368 
per cent, and as far as is known this concentration is about the 
same in all nitrogen samples, independent of their source. We 
have carried out determinations of this isotope in various natural 
amino acids, using methods described in Paper II of this series, 
and have found the same concentration of N® as in the nitrogen 
of the air. The equal distribution of the isotope in air and in 
inorganic and organic compounds can be taken as an indication 
that animals or plants in the synthesis and catabolism of nitro- 
genous compounds do not appreciably fractionate the nitrogen 
isotopes (N' and N') but treat the two indiscriminately. A 
normal monoamino acid is a mixture of molecules, 99.63 per cent 
of which contains only N™ and 0.37 per cent of which contains 
only N¥. If a physiological compound be administered in which 
the concentration of N" is slightly increased (7.e. it contains more 
molecules with N™ than normal), this cannot constitute a sub- 
stance foreign to the animal, as the cells are normally accustomed 
to both species of molecules. 

The mass spectrometric procedure described in Paper II of 
this series is an unusually sensitive micromethod. An increase 
of 0.003 per cent N® above the normal 0.368 can be detected in 
less than 1 mg. of nitrogen. The sensitivity thus is of the same 
order as that used in routine deuterium determinations, and the 
total amount of material to be used is much smaller. A very 
small amount of glycine, the nitrogen of which contains only a 
5 per cent excess of N' above the normal concentration, can be 
mixed in vitro or in vivo with several hundred times its weight of 
ordinary glycine before the isotope tracer will be lost by the 
analytical method. Experience with deuterium has shown that 
when compounds with only a moderate isotope content are fed, 
it is almost always possible to follow the isotope in the animal 
in spite of the great chance that the administered deuterium might 
be diluted with ordinary hydrogen in the body, which contains 
a relatively enormous number of hydrogen atoms. The chance 
for dilution of N" with ordinary nitrogen is much smaller, as the 
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living cell contains only one-fiftieth as many nitrogen atoms 
as hydrogen atoms. It is thus possible in metabolism work 
with nitrogen to use not only lower isotope concentrations, but 
also smaller quantities of isotope than were used in work with 
deuterium. 

Deuterium has been employed as an indicator for water metab- 
olism and as a label in organic compounds to study their trans- 
portation and transformations. ‘There is no doubt that N™ can 
be employed similarly for studying the fate of the nitrogen given 
to an animal in organic or inorganic compounds. It will be shown 
in Paper III of this series that the carbon-nitrogen linkage of 
amino and guanido compounds is relatively stable in vitro and 
it is highly probable that the same is true for these compounds 
when present in the animal. A loss of isotopic nitrogen from 
an amino acid in the animal has to be expected only if chemical 
reactions occur at the amino group (e.g. deamination). The 
isotope can thus most probably be used as an indicator for the 
study of the transportation of such nitrogenous compounds in 
the animal. 

It is more difficult to predict to what extent N” can be em- 
ployed for the studies of the interconversion of nitrogenous com- 
pounds. The physiologist in studying substances containing 
only C, H, and O is interested mainly in the fate of the carbon. 
The conversion of carbohydrate into fat means by definition the 
utilization of the carbon from the sugar for building up fatty 
acids. The fate of the hydrogen or oxygen atoms in this process 
is of minor interest. In work with nitrogenous compounds, how- 
ever, the metabolic fate of both the carbon chain and the nitrogen 
atoms has to be considered. If one amino acid is converted into 
another, either the carbon chain or the amino nitrogen, or both, 
may conceivably be utilized in the process. 

In previous publications, it has been shown that carbon-bound 
deuterium could in many cases be used as an indicator for the 
fate of carbon chains, and preliminary experiments (4) have 
indicated that this isotope might also be employed for studies on 
the amino acids. It is hoped that the use of two independent 
isotopic labels (D and N") in the same amino acid molecule may 
reveal a more complete picture of its metabolism. Amino acids 
containing both isotopes have already been synthesized and 
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tested biologically in exploratory experiments. ‘The results 
encourage us to continue work with such compounds.’ 

In work with deuterium the isotope content of a compound 
is usually given as the excess over the normal concentration, which 
is 0.02 atom per cent. Monodeuterovaleric acid, CsH 9DOz, 
contains 10.00 atom per cent deuterium (1 deuterium atom in a 
total of 10 hydrogen atoms), but has an excess above normal 
of only 9.98 atom per cent, as the normal acid contains 0.02 per 
cent of deutero compounds. ‘The difference is in most cases so 
small that it may be neglected. In work with the nitrogen isotope, 
however, the normal concentration of N® (0.368 per cent) is 
significant and has to be taken into consideration. In subsequent 
papers biological work will be described which was carried out 
with compounds, the nitrogen of which contained as little as 
0.59 per cent N®, or an excess of 0.22 per cent above normal. 
This excess alone characterizes the compound and has to be 
considered for calculations in. chemical or biological work. We 
propose to characterize the isotopic compounds by their excess 
N® content rather than by their absolute N“ concentration. The 
advantage of this will be apparent from the following example. 
Suppose an animal is given a glycine preparation, the nitrogen 
of which contains an absolute amount of 1.000 per cent N®™ and 
mixes in the organs with normal glycine. From the animal there 
is then in turn isolated a glycine preparation, the nitrogen of 
which contains an absolute amount of 0.684 per cent N”. The 
glycine fed contained 0.632 atom per cent excess (7.e. 1.000 — 
0.368), and the material isolated contained 0.316 (7.e. 0.684 — 
0.368) atom per cent. The glycine was, therefore, diluted by the 
same amount of normal glycine from the animal body. We 
shall thus describe a glycine, the nitrogen of which contains 1.000 
per cent N® as glycine (0.632 atom per cent N excess), the word 
“‘excess’”’ indicating an excess above the normal abundance. 

The term “atom per cent N™” is in conformity with the nomen- 
clature used in deuterium studies. ‘‘Valeric acid containing 10 
atom per cent deuterium’’ means that 10 per cent of all the hy- 
drogen atoms in the compound is present in the form of deuterium, 


2 The carbon isotope, if available, would supply a tool even more valu- 
able for such purposes than deuterium. 
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and “‘glycine containing 0.632 atom per cent N® excess’? means 
that the nitrogen of the compound contains 0.632 per cent more 
N® atoms than normal glycine. 


EXPERIMENTAL 


The amino acids listed in Table I are all natural compounds, 
isolated from proteins. The isotope concentration in the nitrogen 
of these substances was determined by the methods described 
in Paper II of this series. 


TABLE 

Concentration of Nitrogen Isotope N* in Natural Amino Acids 
The values give the excess above the concentration of N' in air (0. 368 
per cent). 
Substance | N* content 


atom per cent ercess 


0.008 


The values give the difference between the N® concentration 
in the nitrogen of the compound and that of air. 


DISCUSSION 


It cannot yet be decided whether the slightly higher values 
found in the analyses of the amino acids and especially those of 
the four different arginine samples, 0.007 to 0.010 atom per cent 
excess, demonstrate a real increase in the N® concentration, or 
are due to error. It is likely that in some chemical or biological 
reactions minute fractionation of the nitrogen isotopes occurs, 
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such as Brewer (5) has observed for the potassium isotopes in 
heart muscle and bone marrow. Urey has made use of such 
very small fractionations to concentrate the nitrogen isotope, by 
repeating the reactions thousands of times, 

Whether the differences found in Table I are real or not, they 
are too small to interfere with the application of the nitrogen 
isotope as a label. As will be shown in subsequent papers, the 
feeding of isotopic physiological compounds may lead to the 
formation of other nitrogenous compounds with an isotope content 
far above the differences found in ordinary amino acids. 


SUMMARY 


1. The application of the stable isotope of nitrogen (N') for 
the study of protein metabolism is discussed. 

2. The N® content of casein and of nine different amino acids 
has been determined. The nitrogen liberated from these com- 
pounds has the same isotopic composition as the nitrogen from 
the air. 


The authors are highly indebted to Dr. Harold C. Urey for the 
valuable gift of many samples of isotopic nitrogen, as well as for 
his continued interest, help, and advice in the course of our work 
with this isotope. They, furthermore, wish to express their 
gratitude to Dr. Hans T. Clarke for many valuable suggestions 
and for his continued encouragement and support during all the 
phases of the work. 
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STUDIES IN PROTEIN METABOLISM 


II. THE DETERMINATION OF NITROGEN ISOTOPES IN 
ORGANIC COMPOUNDS* 


By D. RITTENBERG, ALBERT 8. KESTON, F. ROSEBURY, AND 
RUDOLF SCHOENHEIMER 


(From the Department of Biological Chemistry, College of Physicians and 
Surgeons, Columbia University, New York) 


(Received for publication, October 3, 1938) 


The only practicable method for the precise determination of 
the isotopic composition of an element other than hydrogen 
involves the use of a mass spectrometer. 

The determination of the isotopic composition of an element by 
measuring the atomic weight of the mixture is time-consuming, 
requires large samples, and is not sensitive to small variations in 
the isotopic composition. It is thus not applicable to biological 
work, in which isotopes are employed as tracers in organic mole- 
cules. High sensitivity and accuracy of the analytical procedure 
are required. 

The mass spectrometer disperses by the action of an electric 
and magnetic field a beam of ions into a spectrum dependent on 
their masses, in analogy to the optical spectrometer which dis- 
perses quanta of light into a frequency spectrum. By measuring 
in an optical apparatus the ratio of the intensities of peaks pres- 
ent at different regions of the spectrum, the relative abundance 
of quanta of different frequencies can be determined. In the mass 
spectrometer the relative abundance of particles of different 
masses is determined. If applied to one element, the relative 
amounts of the various isotopic species can be determined directly 
by this procedure. In the case of nitrogen, the concentration of 
molecules N'*N“ and N“N®" are compared, and this can be carried 
out with a precision of 0.003 per cent N, corresponding to 
0.00003 atomic weight unit. 


* This work was carried out with the aid of a grant from the Josiah 
Macy, Jr., Foundation. 


291 


} 
i 
1 
; 
é 
¢ 
3 
# 
| 
; 
5 
» 
> 
; 
x! J 
wag 
ay 


292 Protein Metabolism. II 


This high sensitivity and accuracy are accompanied by many 
other desirable features. Only small samples of gas are necessary 
(as little as 0.5 cc. of nitrogen gas), and most impurities (except 
Oe, which will be discussed later) are without effect on the analy- 
sis, as they have masses different from that of the nitrogen mole- 
cules. The procedure is rapid and applicable to routine. 

The isotope analysis of the nitrogen in an organic compound is 
carried out with nitrogen gas liberated from it. The principal 
steps of the procedure are (1) liberation of the nitrogen in the 
form of ammonia by the Kjeldahl procedure, (2) conversion of the 
ammonia into gaseous nitrogen by alkaline hypobromite, (3) 
admission of the gas sample to the vacuum tube containing the 
spectrometer, (4) measurement of the isotopic composition of 
the sample. 


EXPERIMENTAL 


Liberation of Nitrogen As Ammonia by Kjeldahl Procedure -An 
amount of material corresponding to 0.5 to 2 mg. of nitrogen is 
treated in a micro-Kjeldahl flask with H,SO,. Neither hydrogen 
peroxide nor other peroxides should be added, as they may give 
rise to the formation of molecular oxygen in the later stages of the 
procedure. The ammonia is distilled in an ordinary micro-Kjel- 
dahl apparatus into dilute acid, and back titration gives the total 
amount of nitrogen present in the compound. After titration, 
the solution is made acid again and brought to a volume of 1 to 3 
ec. 
Conversion of Ammonia into Nitrogen—The reaction is carried 


2NH,* + 20H- + 3NaQOBr — N, + 3NaBr + 5H:0O 


out in the evacuated apparatus shown in Fig. 1. 

The solution containing the ammonium salt is placed in A, and 
an excess (about 5 cc.) of a strongly alkaline hypobromite solu- 
tion placed in B. A dry ice bath is placed around the trap C, 
and the apparatus evacuated by a diffusion pump. The air dis- 
solved in the solutions in A and B is removed during this evacua- 
tion. After about 2 minutes of pumping, the stop-cock between 
the system and the pump is closed and the vacuum tested. 

The vessel B is rotated on the ground joint so that the hypo- 
bromite solution flows into A. The evolved nitrogen is pumped by 
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the Toepler pump F into tube £. This is closed at the upper end 
by the capillary G (the ‘‘break seal’’), the use of which is described 
later. When all the gas is transferred to tube £, it is sealed off 
from the system. The sample is now ready to be connected with 
the inlet tube of the mass spectrometer. 

Admission of Gas to Mass Spectrometer—The tube EF with the 
break seal G is attached to the glass system shown in Fig. 2, which 
is connected with the mass spectrometer. It consists of (1) the 
very fine capillary A through which the gases enter the vacuum 


G 
(0 Hg pump 


Fic. 1. Apparatus for the liberation of nitrogen 


tube which holds the mass spectrometer, (2) the U-trap B which is 
immersed in liquid nitrogen to freeze out impurities, (3) the stop- 
cock C which isolates the mass spectrometer when air is admitted 
to the remainder of the glass system, (4) the open end manometer 
D, (5) the automatic Toepler pump F employed to pump very 
small gas samples from the right part of the system to the left 
which holds the capillary, and (6) the five stop-cocks / to 4 to 
which the tubes EF containing the gas samples are sealed. Before 
they are attached to the system, an iron rod H, 5 mm. in diameter 
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and 15 mm. long, is carefully placed on top of the capillary G. | 
The flask J contains normal nitrogen for testing the apparatus by | 
measuring the normal abundance of N¥. 

The glass system is evacuated by diffusion pump through stop- 
eock K. After this is closed, 20 mm. pressure of normal nitrogen 
are admitted from The isotoperatioof the normal nitrogen sam- 
ple is now determined as described later and if the correct value of 
135 is obtained, the unknown samples attached to stop-cocks / to 4 
are admitted in the following manner: After the normal nitrogen 
is evacuated through A, this is closed and the break seal G is 


Fic. 2. Inlet to mass spectrometer 


broken by lifting and releasing the iron rod H by means of a 
magnet handled from outside. After G@ is broken, the gas pres- 
sure behind the capillary leak A is adjusted to 20 mm., the Toepler 
pump F being used. The isotope ratio of the unknown sample is 
now determined as described later. After at least three measure- 
ments on the gas sample, it is pumped out through A. The ap- 
paratus is now ready for the next analysis, and another sample 
may be admitted. 

Measurement of Isotopic Composition—The particular mass spec- 
trometer which we have constructed is modeled after the one de- 
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scribed by Bleakney.! A simplified schematic diagram is shown in 
Fig. 3. The metal apparatus is placed in a glass tube which is 
continuously evacuated by a large diffusion pump. The heated 
filament B emits electrons which are drawn to plate C by a positive 
potential.2, About half of these pass through the very narrow slit 
in plate C to give a thin ribbon of electrons D. After passing 
through the slit in C the ribbon of electrons passes between plates 
EandF. In this region the electrons strike and ionize the mole- 
cules of the gas which have been admitted into the spectrometer 
tube through the very fine capillary A (shown in Fig. 2). Those 
electrons which do not strike a gas molecule pass through the slit 
in the box G and strike plate H, where they are absorbed and con- 
ducted back to the filament B. The number of electrons which 


GF 
OF MAGNETIC D 


Fic. 3. Inner part of mass spectrometer 


strike plate H is measured by a galvanometer in the return circuit. 
The total ionization in the region between plates E and F is pro- 
portional to the electron flow; 7.e., the current through the gal- 
vanometer. ‘This is kept constant by controlling the temperature 
of the emitting filament B. 

In the region between plates FE and F the electrons create a 
ribbon of positive ions coincident in space with the electron beam. 
When they strike a molecule N“4N", they form a singly charged 
ion of mass 28, while when they strike an N'*N” molecule, they 
form one of mass 29. These ions are drawn out of the generating 


' Bleakney, W. M., Physic. Rev., 34, 157 (1929); 40, 496 (1932). 
? Additional plates present in the instrument are omitted from the 
diagram. 
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region by a small negative potential on plate F, pass through 
the slit in this plate, and are then accelerated by a negative poten- 
tial V on plate J which is under the control of the operator. The 
accelerated ions pass through a narrow slit sin plate J. The whole 
spectrometer is immersed in a magnetic field parallel to the direc- 
tion of the electron beam and of constant intensity h. Under these 
conditions the path of the ions is a circle. The radius of the orbit 
is given by 


2 — (1) 


where m is the mass of the ion, e is the charge of the ion, V is the 
negative potential on plate J, and his the strength of the magnetic 
field. 8&cm. from the slit sin plate J is another slit ¢, behind which 
is a highly insulated collector plate, A. The only ions which 
can reach plate AK are those which have an orbital radius of 4 em. 
Since V is under the control of the operator, he can cause an ion 
of any mass to reach plate AK. In practice all the quantities of 
Equation 1 are constant, with the exception of V and m™. Equa- 
tion 1 therefore reduces to 


mV = constant (2) 


The constant for our spectrometer when m is expressed as the 
molecular or atomic weight and V in volts is about 1800. When 
V is set at 100 volts, particles of mass 18 can reach plate A, while 
to direct particles of mass 19 to it, V must be set at 94.7 volts. 
The ion current reaching plate K is proportional to the number of 
ions striking it, and, therefore, a measurement of this current 
directly determines the number of such ions present. 

The current reaching plate A passes through a resistance of 
2.4 & 10° ohms, and the voltage developed across it is measured by 
a very sensitive vacuum tube voltmeter. During the analysis of a 
normal nitrogen sample a current of the order of 10-' ampere 
(6 X 107 ions per second) reaches plate A when the ions of mass 
29 (N4N") are collected, while a current 135 times greater reaches 
it when ions of mass 28 (N'4N") are being collected. The vacuum 
tube voltmeter is sensitive to 10-° volt, which corresponds to an 
ion current of 10-' ampere. 

The mass spectrometer can be employed to determine the iso- 
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topic composition of any gas. It will determine the abundance 
ratios of the various molecules present in nitrogen (N4N4, N¥N®, 
N®N), hydrogen chloride (HCI®, DCI®, carbon 
CBOO'), ete. 

Our spectrometer covers the range from mass 16 to about mass 
75. In Fig. 4 typical curves of normal tank nitrogen are given in 


65 6 67 68 69 70 1 7) 
Accelerating Voltage (vrs) 


Fic. 4. Mass spectrum of normal nitrogen 


which the ion current is plotted against the accelerating voltage 
(ormass). Curve a was obtained with the amplifier set at 1/1000 
of its maximal sensitivity. The peak obtained at 69.5 volts (mass 
28) is due to the ions N4*N"“. No ion peak is noticeable on this 
curve at mass 29 (N'4N"®), as its intensity is only 1/135 of that 
given by mass 28. If the sensitivity of the amplifier is increased 
100-fold (by changing to one-tenth its maximal sensitivity), one 
obtains Curve b. The peak due to mass 29 (67.1 volts), as 
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well as the beginning of the peak due to mass 28, is observable. 
The ratio of the intensities of the ion currents (abundance 
ratio of the molecules N'44N'“:N'4N) can be converted into atom 
per cent of N' by the formula 


100 
where P is the atom per cent of N¥ and # the ratio just mentioned. 
When RF is 135, then P is 0.368 atom per cent. 

Effects of Impurities-—Before analysis is begun, the spectrum 
given by the evacuated instrument is examined. No peaks ex- 
cept that given by water (mass 18) should appear. The presence 
of other peaks 1s evidence of impurities in the vacuum tube. They 
are removed by heating the evacuated tube. 

The gas sample to be analyzed is passed, before it enters the 
vacuum, through a trap cooled with liquid nitrogen, which removes 
all condensable impurities. The only troublesome impurity which 
can pass the trap is air, which may have entered through a leak 
in any of the glass vessels in which the gas has been handled. 
The nitrogen of the air would dilute the sample. The presence of 
air immediately becomes apparent during the analysis, since the 
oxygen sharply lowers the electron emission of the filament. The 
presence of a peak of mass 32 (oxygen molecules) and mass 40 
(argon) in the spectrum is further proof. Samples showing these 
peaks are discarded. In all analyses a search for peaks other than 
those of masses 28 and 29 is routinely carried out. 

Sensitivity of Instrument—On the basis of over forty analyses of 
ordinary nitrogen performed at least in triplicate as well as more 
than 100 analyses of nitrogen samples obtained from organic 
compounds, most of which had an excess of N"™, we conservatively 
estimate the error of a determination of the atom per cent N® to 
be of the order of 1 per cent. 

Our instrument has given for the concentration of N™ in ordi- 
nary (tank) nitrogen a value of 0.368 per cent with an average devi- 
ation of 0.003 per cent. This value is not corrected for the frac- 
tionation which occurs during the passage of the isotope mixture 
through the fine capillary A (Fig. 2). This small error does not 
affect our work, since it is a constant of our instrument and enters 
all analyses in the same fashion. | 
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Error of Analysis of Isotopes in Organic Compounds 


The total error of the analyses of nitrogen from organic material 
is slightly higher than the sensitivity of the mass spectrometer. 
This is due to a slight dilution of the nitrogen liberated from the 
compounds with the nitrogen of ammonia present as impurities 
in the reagents employed (H2SO;, NaOH, ete.). This error be- 
comes higher when the amount of nitrogen taken for analysis is 
small. In our work sufficient nitrogen was taken for analysis to 
keep the dilution below 3 per cent. An error of this kind does not 
interfere at all with biological work. 


SUMMARY 


The determination of the nitrogen isotope N” in organic com- 
pounds with a mass spectrometer is described. 


The authors wish to express their gratitude to Dr. Harold C. 
Urey and to Dr. M. Fox for their advice during the construction 
of the mass spectrometer. 
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(From the Department of Biological Chemistry, College of Physicians and 
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(Received for publication, October 3, 1938) 


The starting material for amino acid synthesis was ammonium 
salt (chloride or nitrate) containing isotopic nitrogen. The salt 
was kindly supplied to us by Dr. Harold C. Urey (1). Various 
ammonia preparations were used, the nitrogen of which contained 
an excess of from 0.22 to 6.65 per cent N® above normal. For 
synthetic work with the isotope the usual laboratory procedures 
could not be employed. All the known methods had been worked 
out with the aim of obtaining good yields when calculated for 
the carbon chain, while the recovery of the nitrogen was neglected. 
In work with the isotope the nitrogen is always of incomparably 
higher value than that of even the most complex carbon chain. 
The synthesis must be directed in such a way that all nitrogen 
employed is recovered either in the form of amino acid or as am- 
monia. Reactions which lead to nitrogenous side products must 
be avoided. The common synthesis of amino acids by treating 
the a-bromo acid with a large excess of ammonia (50 to 70 moles) 
(2) is not practicable for our purposes. 

We have modified two known procedures: A, the catalytic 
hydrogenation of a-keto acids in the presence of ammonia as 
described by Knoop and Oesterlin (3); B, the coupling of a-bromo 
esters with potassium phthalimide as described by Gabriel and 
Kroseberg (4). 

Procedure A— 


R—C—COOH + NH; - = R—-C—-COOH + H,0 


O NH; 


* This work was carried out with the aid of a grant from the Josiah 
Macy, Jr., Foundation. 
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By the general method of Knoop and Oesterlin, the reduction of 
the keto acid was carried out in 50 per cent alcohol with palladium. 
For the reduction of monocarboxylic keto acids 2 equivalents of 
ammonia must be used, 1 for the carboxyl, and 1 for the keto 
group; for the dicarboxylic keto acids 3 moles of ammonia are 
necessary. After the reaction, the ammonia not present as amino 
nitrogen was recovered quantitatively by distillation; with the 
dicarboxylic acids, the addition of barium hydroxide is necessary. 
No nitrogenous side products were observed in the reaction, and 
the amino acids obtained were in all cases sufficiently pure without 
recrystallization. The yields, even when calculated on the basis 
of the keto acid, were good except in the preparation of alanine 
and aspartic acid, in which losses were most probably due to the 
formation of some hydroxy acid. Even in these preparations no 
appreciable amount of isotopic nitrogen was lost. 

The following racemic amino acids containing isotopic nitrogen 
have been prepared in this way: alanine, aorleucine, phenyl- 
alanine, tyrosine, glutamic acid, and aspartic acid. 

Procedure B—The phthalimide procedure has been modified 
in such a way that it fulfils the same requirementsas Procedure A; 
namely, no loss of the isotopic nitrogen. It was employed for 
the synthesis of amino acids which could not easily be obtained 
by Procedure A, such as glycine, deuteroleucine, and lysine.! 

The first step, the preparation of isotopic phthalimide, involves 
no loss of ammonia. In contrast to earlier workers (5), we have 
used only 1 mole of ammonia for 1 mole of phthalic acid (instead of 
phthalic anhydride) without a decrease in the yield of phthalimide. 
Small amounts of nitrogen present in the mother liquors of the 
phthalimide or potassium phthalimide can be recovered quan- 
titatively in the form of ammonia after alkaline hydrolysis of the 
imide remaining in solution. 

The coupling of the bromo ester with potassium phthalimide 
requires a temperature of 150° in the preparation of glycine, but 
higher temperatures are necessary in the case of amino acids of 
higher molecular weight (up to 200°). At this temperature some 
hydrobromic acid is split off from the bromo ester, giving rise to 
free phthalimide. The nitrogen which thus is not used for the 
formation of amino acids can be recovered by alkaline treatment 


1 The preparation of isotopic lysine will be described later. 
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of the mother liquors. In some cases the addition of cupric oxide 
catalyzed the coupling reaction, so that the temperature could 
be decreased, and a better yield secured. 

According to Gabriel the hydrolysis of the phthalimino ester 
is carried out either with concentrated hydrochloric acid at 180° 
in a closed tube, or by a two-step hydrolysis, first with 1 mole of 
alkali, then with concentrated hydrochloric acid at 100°. The 
first procedure involves the danger of breakage of the pressure 
tube, and the second method, loss in the isolation of the inter- 
mediate free phthalimino acid. The one-step hydrolysis by 
refluxing with a mixture of acetic acid and hydrochloric acid, 
described by Ratner and Clarke (6) for the preparation of thia- 
zolidine, has also proved to be valuable for our purpose. In the 
case of glycine the yield of amino acid in this last step is 98 per cent. 

Procedure C. Preparation of Amino Acids Containing Both 
Isotopes D and N**—For reasons discussed in Paper I of this series 
(7) methods had to be devised for the preparation of amino acids 
which contain carbon-bound deuterium in addition to N“™. We 
have prepared dl-leucine with both isotopes, by a method which 
is also applicable to other amino acids. 

Kinney and Adams (8) have described the preparation of 
leucine-8 , y-dz2 by hydrogenating isobutenal diethyl acetal with 
deuterium gas. This procedure could not be employed for our 
purpose, as the introduction of nitrogen into the starting material 
as well as the subsequent steps would lead to considerable loss 
of the nitrogen isotope. 

A procedure has recently been described for the preparation of 
fatty acids containing stably bound deuterium (9), by treatment 
of ordinary fatty acids with heavy water at high temperature in 
the presence of active platinum and alkali. This method cannot 
be directly applied to amino acids. For reasons still obscure 
only very small amounts of stable deuterium were introduced into 
amino acids when treated under the same conditions. We have, 
therefore, prepared the isotopic leucine by first introducing deu- 
terium into the corresponding fatty acid, isocaproic acid. This 
was brominated in the a positionand the bromo ester was treated 
with potassium phthalimide (N") according to Procedure B. 
Despite the drastic conditions to which the deuteroisocaproic 
acid was subjected in the course of the preparation, the resulting 
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leucine contained 3.87 atom per cent deuterium in addition to 
6.49 atom per cent N" excess, a new indication for the high sta- 
bility of the earbon-bound hydrogen in this amino acid (10). 


EXPERIMENTAL 


Procedure A. Hydrogenation of a-Keto Acids in Presence of 
Ammonia According to Knoop and Oesterlin—Each step of the 
procedure has been devised with the aim of avoiding loss of the 
isotopic nitrogen and of recovering all excess in the form of am- 
monia. Care had to be taken to avoid dilution of the isotopic 
ammonia with ordinary ammonia. ‘The nitrogen of the amino 
acid obtained had in all cases practically the same isotopic con- 
centration as that of the ammonia with which the reaction was 
started, indicating that no dilution of the isotope had occurred. 

In order to obtain good yields of amino acids it is necessary 
to use a large quantity of active palladium (3 to 4 gm. for the 
reduction of 0.05 mole of keto acid). With smaller amounts, 
a slower reduction and a presumably increased production of 
hydroxy acid occur. As the temperature of the reaction should 
not exceed 20°, during the warm season the reaction bottle was 
cooled by wrapping it with a wet cloth. 

All distillations of ammonia were carried out in a stream of 
inert gas to avoid bumping and to insure a smooth distillation. 
As elementary nitrogen does not exchange with ammonia (11) 
under the conditions of our experiments, nitrogen gas from a 
cylinder was used for the purpose. 

Distillation of Isotopic Ammonia—The isotopic ammonia is 
generated from ammonium nitrate or chloride by means of strong 
alkali and distilled directly into the hydrogenation vessel where 
it is absorbed by 95 per cent alcohol cooled with solid COs. The 
500 ec. hydrogenation flask A (Fig. 1) has an interchangeable 
glass joint B and a long side arm C. For the hydrogenation as 
described below, B is closed with a glass stopper and the flask 
is shaken in a special apparatus in which the side arm C serves 
as the axis. 

The ammonia is liberated in the 100 cc. modified Claisen flask 
D containing 40 ec. of 10 N NaOH. The arm H is fitted with a 
condenser to prevent water from distilling into A. The other arm 
of D is equipped with a dropping funnel £ and a gas inlet tube F. 
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The hydrogenation flask A contains 3 to 4 gm. of palladium black 
suspended in 95 per cent alcohol. The distilling tube G which 
is fitted into the flask A at the glass joint B and into flask D at 
the joint H, extends under the liquid in A. The arm C is con- 
nected with the gas wash bottle J containing dilute HeSO, to 
recover any ammonia not absorbed in A. A slow stream of 
nitrogen gas is bubbled through the system by means of tube F 
so as to minimize pressure differences during the absorption and 
to prevent the sucking back of liquids in A and J. 

Flask A is cooled with solid carbon dioxide and flask D gently 
heated to boiling with a microburner. A concentrated solution 
of the ammonium salt containing the isotopic nitrogen is slowly 


J 


Fic. 1. Apparatus for distillation of isotopic ammonia 


added through the dropping funnel #. Heating is continued until 
all NH; has been driven over into A. The arm G is then removed 
and the tip rapidly rinsed with a few ec. of alcohol through //. 
The a-keto acid in 70 ec. of H2O per 0.1 mole is rapidly added to 
A, which is cooled with dry ice. B is closed with a glass stopper 
and the flask connected with the hydrogenation apparatus. 
Hydrogenation—The hydrogenation apparatus (Fig. 2) is de- 
signed to permit the maintenance of a sufficient gas pressure 
(slightly below atmospheric) for rapid hydrogenation without the 
use of any liquid in the hydrogen reservoir. It consists of the 
5 liter gas storage bulb B and a manometer C. The hydrogen tank 
is connected at D and a vacuum pump at the 3-way stop-cock EZ. 
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Bulb B and the glass tubes between E and D are evacuated and 
filled with hydrogen. D is closed, and E is connected through 
a rubber tube with the hydrogenation flask A which is still cooled 
with solid CO. The air in A is then displaced by a stream of 
hydrogen which finally passes through a wash bottle containing 
H.SO, to absorb any ammonia carried over with the hydrogen. 
The flask A is quickly stoppered with a glass stopper, D closed, 
and the cooling of A discontinued. After the reaction mixture 
has attained room temperature, shaking is begun. ‘I'he hydrogen 


Fic. 2. Apparatus for hydrogenation of keto acids 


uptake can be calculated at any time from the change of pressure 
in the system, the volume of which is known. During the re- 
action the pressure is increased from time to time to just below 
atmospheric by adding hydrogen through D. 

Recovery of Excess Ammonia—After hydrogenation is completed, 
all the excess ammonia is removed by distillation before isolation 
of the amino acid. The reaction flask A is again cooled with dry 
ice and connected with a condenser B, an adapter C, and the acid 
trap D (Fig. 3). A side arm E is added which provides for the 
addition of alcohol and the entrance of nitrogen gas. The re- 


| 
| | 
| 
A 
to wash \\ | 
A | 
| 
| 
| 
| 


R. Sechoenheimer and 8S. Ratner 307 


action flask is heated on a steam bath and alcoholic ammonia 
distilled over into the acid trap D in a stream of nitrogen until 
the distillate is neutral. Several additions of alcohol are necessary. 
Enough hot water is added to dissolve the amino acid and the 
catalyst is filtered off. The amino acid is isolated from the filtrate 
by appropriate means. 

In the preparation of the monoaminodicarboxylic acids it is 
necessary to add a fixed base for complete recovery of ammonia. 
If the amino acid can be heated in the presence of alkali, as is 
the case with aspartic acid, 2 equivalents of Ba(OH)s: are added 
to the hydrogenation flask and the ammonia distilled off as de- 


Fic. 3. Apparatus for recovery of isotopic ammonia 


scribed above. When heating must be avoided, as in the case 
of glutamic acid, the distillation is carried out under reduced 
pressure, with the precautions described below. 

Alanine—2.2 gm. of freshly distilled pyruvic acid were hy- 
drogenated with 0.05 mole of ammonia containing 1.97 atom per 
cent N' excess. 1.49 gm. of alanine (68 per cent of the theoretical 
amount) were obtained by precipitation with alcohol. 

N (Kjeldahl) found 15.62 per cent; calculated 15.73 per cent. 

It contained 1.87 atom per cent N® excess. 

Phenylalanine—1.64 gm. of phenylpyruvie acid prepared by 
condensation of benzaldehyde and acetylglycine according to 
Shemin and Herbst (12) were reduced in the presence of 0.02 
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mole of ammonia containing 1.97 atom per cent N® excess. The 
product crystallized during. hydrogenation. 1.38 gm. (84. per 
cent of theory) were obtained. 

N (Kjeldahl) found 8.55 per cent; calculated 8.49 per cent. 

It contained 1.89 atom per cent N® excess. 

Tyrosine—6.63 gm. of p-hydroxyphenylpyruvic acid prepared 
according to Dakin (13) were reduced in the presence of 0.074 
mole of ammonia containing 1.97 atom per cent N® excess. The 
tyrosine precipitated during hydrogenation. 5.51 gm. (82.8 per 
cent of theory) were obtained. 

N (Kjeldahl) found 7.67 per cent; calculated 7.74 per cent. 

It contained 2.04 atom per cent N™ excess. 

Norleucine—A solution of 56 gm. of a-bromo-n-caproic acid in 
400 ec. of water and 56 gm. of sodium carbonate was boiled for 
30 minutes over a free flame. The mixture was acidified, ex- 
tracted with ether, and the ether brought to a small volume. On 
the addition of ligroin, a-hydroxycaproic acid crystallized out in 
shiny plates. After one recrystallization the material melted 
at 59.5-60.5° (14). The yield was 25.6 gm. or 70 per cent of 
theory. The ethyl ester was prepared by refluxing with absolute 
ethyl alcohol and concentrated sulfuric acid. 

23 gm. of hydroxy ester were dissolved in 200 cc. of glacial 
acetic acid and a solution of 10 gm. of chromic oxide in 50 ce. of 
50 per cent aqueous acetic acid was slowly added with cooling 
and stirring. The mixture was allowed to stand overnight at 
room temperature, diluted with water, and extracted several 
times with ether. The ether extracts were washed with aqueous 
sodium carbonate, and dried with sodium sulfate; the ether was 
removed by distillation. The residual oil was distilled 7m vacuo 
at 4mm. The fraction boiling at 55-65° amounted to 18 gm. 
or 79 per cent of theory. 

The a-keto ester was saponified at room temperature with 1 
equivalent of NaOH and the free acid isolated, after acidification, 
by extraction with ether. After removal of the ether the residual 
oil was distilled; b.p. 94-96° at 15 mm. Yield 5.9 gm. or 40 per 
cent of theory. 

1.40 gm. of a-keto-n-caproic acid were reduced in the presence 
of 0.02 mole of ammonia. Norleucine precipitated during the 
hydrogenation. Yield 1.02 gm., 73 per cent of theory. 
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N (Kjeldahl) found 10.78 per cent; calculated 10.68 per cent. 

It contained 1.90 atom per cent N™® excess. 

Aspartic Acid—2 gm. of oxalacetic acid prepared according to 
Wohl and Claussner (15) were reduced in the presence of 0.45 
mole of ammonia. Yield 0.88 gm., 44 per cent of theory. 

N (Kjeldahl) found 10.40 per cent; calculated 10.53 per cent. 

It contained 1.80 atom per cent N® excess. 

Glutamic Acid—7.30 gm. of a-ketoglutaric acid prepared ac- 
cording to Neuberg and Ringer (16) were reduced in the presence 
of 0.15 mole of ammonia. About 150 ce. of alcohol were added, 
the mixture was cooled to —60°, and the solution decanted from 
the catalyst into a Claisen flask connected with two traps con- 
taining dilute sulfuric acid. An excess of barium hydroxide was 
added to the mixture and the ammonia distilled into the traps 
in vacuo at 25-30°. The free amino acid was isolated from the 
barium salt in the usual manner. Yield 6.19 gm., 84.2 per cent 
of theory. 

N (Kjeldahl) found 9.31 per cent; calculated 9.52 per cent. 

It contained 1.95 atom per cent N® excess. 

Procedure B. Synthesis of Amino Acids with Potassium Phthal- 
imide. Preparation of Potasstum Phthalimide—-Ammonia from 
0.40 mole of isotopic ammonium salt in 200 cc. of water was 
slowly liberated by addition of potassium hydroxide in a Claisen 
flask as shown in Fig. 1 and distilled with a stream of nitrogen into 
a suspension of 68 gm. of phthalic acid (0.41 mole) in 200 cc. of 
water. The flask containing the suspension was also connected 
with a gas wash bottle containing H2SO, to collect any ammonia 
not absorbed by the phthalic acid. Finally about 100 cc. of 
water were distilled over from the Claisen flask. By this time the 
ammonium hydrogen phthalate was all in solution. The solution 
_ was transferred to a 1 liter round bottom flask which had a neck 
75 em. long and 1.6 cm. wide. At a point 10 cm. from the upper 
end of the neck a side arm, 12 mm. internal diameter, is attached. 
This is bent at right angles 25 em. from the flask and is then 
jacketed with cold water. The lower end of the side arm enters 
a suction flask, to the side arm of which is attached a bulb and 
a trap containing dilute sulfuric acid. After most of the water 
had been distilled over with a flame, the reaction mixture was 
heated in a metal bath and the temperature slowly raised to 
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200° until all the water was removed. The temperature was 
then slowly raised to 300°. When the vigorous reaction was 
complete, the flask was cooled, the neck was cut off, and the 
phthalimide removed with cold absolute alcohol. Yield 56.4 
gm., or 96 per cent of theory. 

The potassium salt was prepared as described by Salzberg and 
Supniewski (17). The yield was 92 per cent. 

Recovery of Ammonia—The alcoholic mother liquors from the 
preparations of phthalimide and potassium phthalimide were 
combined with the contents of the acid traps. An excess of 
alkali was added and the ammonia distilled into sulfuric acid. 
4 hours of boiling were necessary. The recovery of isotopic 
nitrogen was quantitative. 

Glycine—18.6 gm. of the isotopic potassium phthalimide and 
14 gm. of ethyl chloroacetate were heated for 2 hours at 150°. 
The reaction product was extracted with 150 ec. of absolute alechol 
and treated with charcoal. After being concentrated and cooled, 
the solution yielded 21.2 gm. of ethyl phthalimidoacetate, m.p. 
114°, or 91 per cent of the theory. The nitrogen of the mother 
liquor was quantitatively recovered as ammonia, by treatment 
with strong alkali. 

15.2 gm. of the phthalimide ester were refluxed for 25 hours with 
a mixture of 68 cc. of concentrated hydrochloric acid, 68 ec. of 
glacial acetic acid, and 68 ec. of water. A fraction boiling below 
108° was distilled off with the aid of a fractionating column and 
boiling was continued under a reflux for 12 hours. After cooling, 
the phthalic acid was filtered off and the filtrate brought to dryness 
in vacuo. The residue was extracted with a small amount of cold 
water. The solution was diluted, treated with silver carbonate, 
and filtered. The filtrate was treated with hydrogen sulfide, 
filtered, and brought to a very small volume. The glycine pre- 
cipitated with alcohol weighed 5.01 gm., 98 per cent of theory. 

Three samples of glycine were prepared by this method, con- 
taining 0.226, 1.09, and 6.70 atom per cent N™ excess respectively. 

Preparation of Deuteroleucine (N“)—Commercial isocaproic acid 
contains appreciable amounts of the isomers n-caproic acid and 
ethylmethylpropionic acid which are difficult to remove and give 
rise to leucine contaminated with norleucine and isoleucine. The 
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pure compound was, therefore, prepared from isobutyl alcohol 
(b.p. 106.8-107.5°) by the malonic ester method (18). 

Deuteroisocaproic Actd—12 cc. of 55 per cent D2O and 4.5 gm. 
of PtO.-H2O were placed in each of two 100 cc. round bottom 
flasks and the platinum oxide was reduced with deuterium gas. 
20.3 gm. of isocaproic acid and 0.9 gm. of KOH were added, and 
the flasks sealed and shaken for 12 days at 125-130°. The flasks 
were opened, the contents acidified with phosphorus pentoxide, 
extracted with petroleum ether, and the residue distilled at atmos- 
pheric pressure. It boiled at 200.2°. 

Ethyldeutero-a-Bromoisocaproate—76 gm. of deuteroisocaproic 
acid and 26.4 gm. of dry red phosphorus were treated with 408 
gm. of bromine in the usual manner. The excess bromine was 
distilled off and the reaction mixture treated with absolute ethanol. 
The mixture was extracted with ether, and the solution washed 
with dilute aqueous NaHCQs;, dried with NaeSO,, and the ether 
removed by distillation. The residual liquid was distilled in 
vacuo. It boiled at 83-84° (9 to 10 mm.); the yield was 103 gm. 

Deuteroleucine (N*)—8 gm. of cupric oxide and 49.5 gm. of 
potassium phthalimide (0.27 mole) were ground together in a 
mortar and treated under a reflux with 66 gm. (0.30 mole) of 
ethyldeutero-a-bromoisocaproate in a metal bath at 200° for 
3¢ hours. The product was exhaustively extracted with hot 
ligroin. The ligroin and the unchanged bromo ester were removed 
by distillation. | 

The residual oil, consisting chiefly of ethyl-a-phthaliminoiso- 
caproate was hydrolyzed, without further purification, by re- 
fluxing for 4 hours with a mixture of 130 ce. each of glacial acetic 
acid, concentrated hydrochloric acid, and water. The condenser 
was then replaced by a fractionating column and the homogeneous 
mixture was slowly distilled until the vapor temperature had risen 
to 105°. Refluxing was resumed for 10 hours longer. When 
cold, the phthalic acid was removed and the filtrate concentrated 
to a small volume in vacuo. <A second crop of phthalic acid was 
filtered off and free leucine isolated from the filtrate after treatment 
with silver carbonate in the usual manner. The yield was 25.4 
gm., or 72 per cent of theory. 

N (Kjeldahl) found 10.57 per cent; calculated 10.68 per cent. 
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It contained 6.49 atom per cent N® excess and 3.87 atom per 
cent deuterium. | 

The nitrogen from the mother liquors of the amino acid prep- 
arations was recovered quantitatively as ammonia by subjecting 
the residues to the Kjeldahl procedure. 


SUMMARY 


1. Methods are described for the preparation of amino acids 
containing nitrogen and hydrogen isotopes. 

2. Two methods have been used for the synthesis of amino 
acids containing an excess of the nitrogen isotope N™, starting 
with isotopic ammonia: Procedure A, the hydrogenation of a-keto 
acids in the presence of ammonia according to Knoop and Oéester- 
lin, and Procedure B, the phthalimide procedure of Gabriel and 
Kroseberg. Both methods have been modified with the aim of 
obtaining a quantitative recovery of the isotope and avoiding 
a dilution with ordinary nitrogen. 

3. The following isotopic amino acids were prepared: dl- 
alanine, dl-phenylalanine, dl-tyrosine, dl-norleucine, di-glutamic 
acid, and dl-aspartic acid, all containing an excess of about 1.9 
atom per cent N, as well as three glycine preparations with an 
excess of 0.226, 1.09, and 6.70 atom per cent N*® respectively. 

4. dl-Leucine is described containing 6.49 atom per cent N® 
excess as well as 3.87 atom per cent deuterium bound to carbon. 
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STUDIES IN PROTEIN METABOLISM 
IV. THE STABILITY OF NITROGEN IN ORGANIC COMPOUNDS* 


By ALBERT 8S. KESTON, D. RITTENBERG, anpb 
RUDOLF SCHOENHEIMER 


(From the Department of Biological Chemistry, College of Physicians and 
Surgeons, Columbia University, New York) 


(Received for publication, October 3, 1938) 


In work with deuterium as an indicator for the metabolism 
of organic compounds only substances could be employed in which 
the deuterium atoms were stably bound to the carbon chain of 
the molecule. 

For the same reason nitrogen isotopes can be used for tracing 
amino acids in the organism only if the carbon-nitrogen linkage 
in amino groups is stable. If this nitrogen were exchangeable 
with other nitrogen, this would considerably restrict the biological 
application of the nitrogen isotope, as it might lead, by mere 
exchange, to a random distribution of the isotope in all amino 
acids of the animal. 

The use of isotopes is the only direct method to investigate 
exchange reactions. The application of the oxygen isotope O'% 
has shown the oxygen of ketones to exchange readily with that of 
water though that of OH groups in organic compounds is stable 
(1). The iodine in methyl iodide exchanges with iodine ions in 
aqueous solutions (determined by the use of radioactive isotopes) 
(2) though the halogen in organic compounds of higher molecular 
weight is stable. 

From the data of Urey and collaborators (3) and from our own 
experience it appears certain that gaseous nitrogen does not 
exchange with the nitrogen of ammonia. Isotopic ammonia has 
been heated in the presence of air, and nitrogen gas has been 
bubbled through boiling ammonia solutions (4), but no dilution 


* This work was carried out with the aid of a grant from the Josiah 
Macy, Jr., Foundation. 
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of the isotope in the ammonia was observed. ‘The same is true 
for the nitrogen in amino acids and in hippuric acid. Peptides 
presumably behave in the same way. We have not excluded air 
in the course of the organic preparations and have never observed 
a decrease of the isotope content in these substances.! 

For further investigation of the stability of nitrogen in organic 
compounds pairs of two different substances, only one of which 
contained an excess of isotope, were treated together in aqueous 
solution at various temperatures. At the end of the treatment 
that component was isolated which at the beginning had normal 
nitrogen. If an exchange reaction had occurred, it would have 
become apparent by the increased isotope content. We have, 
for methodological reasons, preferred to isolate the normal com- 
ponent of the system rather than the isotopic one. If the isotopic 
compound were analyzed, an accidental contamination with air of 
the nitrogen gas liberated would be interpreted as an exchange 
reaction. 

The results are given in Table I. 

The values obtained from all experiments with the exception 
of Experiments 5 and 9 are within the limit of error of the analyti- 
eal procedure. They show that no appreciable exchange occurs 
in the system: (1) amino acid and ammonia (Experiments 1 to 3), 
(2) amino acid-amino acid (Experiment 4), (3) hippuric acid- 
amino acid (Experiments 6 and 7), (4) urea-amino acid (Experi- 
ment 10). The small increase of NY in Experiment 5 is most 
probably due to a slight contamination (less than 1 per cent) of the 
isolated leucine by glycine and not to an exchange of their nitrogen 
atoms. It is more difficult to interpret the value 0.073 atom per 
cent in Experiment 9. It is a well recognized fact that aqueous 
solutions of urea, when heated, form equilibrium mixtures which 
contain ammonium and cyanate ions. In this reaction the pres- 
ence of isotopic ammonia must inevitably result in the formation 
of isotopic urea. Under the conditions of our Experiment 9 
(1 hour at 100°), the reaction is known to be slow. At 37° (Experi- 
ment 8) no exchange was observed; in Experiment 9 the urea 


1 The nitrogen atoms of NH,* and NO;~ do not exchange either. Urey 
and collaborators have concentrated the isotope in the ammonia of am- 
monium nitrate. The isotope concentration in the ammonia did not 
decrease even with long standing of the salt in solution. 
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acquired only 10 per cent of the isotope content which it should 
have had were the isotope distributed in a random manner over 
all the components of the system. On the other hand, part of 
the excess isotope in the urea may be attributed to the inclusion 
of a trace of ammonium salt in the bulky precipitate of dixanthy- 
dryl urea. 


TABLE | 
Exchange Reactions of Nitrogen 


System | | 
| Isotopic component 
= | Normal component | | Nw! o | 
| lex-| | & 
cess) & | | 
to 
| mg. | mg. hrs. | °C. 
1 Ammonium sulfate, 13.2) Glycine, 37.3 0.22) 48105 0.000 
2 Glycine, 100 Ammonium chloride, 1.98 104,100 0.004 
| 100 
3 Arginine HCl, 220 Ammonium chloride, 1.98 104 100*0.007f 
500 | 
4 Tyrosine, 248 Glycine, 159 0.22 48105 0.003 
5 Leucine, 203t | 200 1.21 104 100$}0.015 
6 Hippuric acid, 283 | " 214 0.22, 48 50 0.003 
7 400 | 100 0.22) 1100 0.000 
8 Urea, 400) Ammonium sulfate, 1000.00.22 48 37 0.000 
9 100] | ehloride, [1.98 1/100 0.073 
10 Glycine, 1000 40 37 0.000 


* The medium was adjusted to pH 4.7. 
+t This is the same abundance of N' as was found in normal arginine (5). 
t Isolated as copper salt. 

§ The medium was 0.1 N KOH. 

| Isolated from the system with xanthydrol. 


The experiments taken together clearly indicate that the nitro- 
gen atoms in free amino acids, as well as in hippuric acid, are 
stable. The same is true for the guanido group of arginine. If 
an exchange occurs with urea, it must be a very slow reaction. 


SUMMARY 


The nitrogen atoms in amino acids, hippuric acid, and in the 
guanido group of arginine do not exchange with the nitrogen 


| 
i 
2 
| 


SSO 


318 Protein Metabolism. IV 


of other compounds in aqueous solutions at 100°. The nitrogen 
of urea may be exchangeable, but at a relatively slow rate, even 
at 100°. 
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STUDIES IN PROTEIN METABOLISM 


V. THE UTILIZATION OF AMMONIA FOR AMINO ACID AND 
CREATINE FORMATION IN ANIMALS* 


By G. L. FOSTER, RUDOLF SCHOENHEIMER, anpb 
D. RITTENBERG 


(From the Department of Biological Chemistry, College of Physicians and 
Surgeons, Columbia University, New York) 


(Received for publication, October 3, 1938) 


There is no doubt that animals can synthesize certain amino 
acids, the ultimate source of the nitrogen being that of the food 
protein. ‘This process probably occurs under normal conditions, 
as the average composition of food proteins is never the same as 
that of the body proteins into which they have to be converted. 
According to the generally accepted theory, amino acid synthesis 
in the animal follows the scheme by which ammonia reacts with 
a-keto acids to form imino acids which are reduced to amino 
acids. Knoop and Oéesterlin (1) have followed this reaction in 
in vitro experiments. 


O NH NH, 


NH,OH H, 


! | 
RCH,CCOOH - RCH,CCOOH + 2H,0 ——"-+ RCH;CHCOOH 


According to this scheme amino acids could be formed either from 
ammonia administered directly to the animal or from that liber- 
ated by deamination of other amino acids. 

A large amount of work has been carried out on the utilization 
of ammonia for protein synthesis in animals, but the results have 
not been conclusive. Partial replacement of protein nitrogen in 
the diet of laboratory animals or ruminants by ammonia or urea 
gave no proof of the utilization of these substances by tissue cells 
(2). Embden and Schmitz (3) by using a more direct method per- 


* This work was carried out with the aid of a grant from the Josiah 
Macy, Jr., Foundation. 


319 


| 

‘ 

| 


320 Protein Metabolism. YV 


fused organs with a-keto acids and ammonia and obtained the 
corresponding amino acids. Neber (4) treated mixtures of pyru- 
vie acid and ammonia with large quantities of tissue slices and ob- 
served a small increase of amino nitrogen above the control values. 
Although these experiments demonstrate amino acid synthesis 
by animal tissue, they offer no definite proof that the amino nitro- 
gen formed was derived from the added ammonia. In all these 
experiments the perfused organs or the tissue slices contained 
amounts of protein nitrogen (or free amino nitrogen) far greater 
than those recovered in the newly formed amino acids. The new | 
amino acid could have been formed by a direct shift of the amino 
nitrogen from an amino acid to the keto acid. 

A reaction of this kind has recently been observed in in vitro 

experiments by Herbst (5). An amino acid treated with an a-keto | 
acid gave rise to a new amino acid corresponding to the keto acid, 
a Schiff base being formulated as the intermediate step. Braun- | 
stein and Kritzmann (6) have recently advanced strong evidence 
that the reaction studied by Herbst actually occurs in organs: 
treatment of pyruvic acid with glutamic or aspartic acid and 
minced muscle gives rise to the formation of alanine and loss of 
glutamic acid. The authors suggest that these two aminodicar- 
boxylie acids, or their corresponding keto acids, are intermediates 
in the formation of other amino acids. In contrast to the mech- 
anism for amino acid formation, discussed above, the reactions 
of Herbst and of Braunstein do not involve ammonia. 

The isotope of nitrogen can be applied to investigations of the 
role of ammonia in amino acid synthesis in animals. If isotopie 
ammonia is given, it will mix with the ammonia present in the 
animal organism, including that which is formed as an intermedi- 
ate product. As the animal organ does not discriminate between 
the isotopes of the same element, both the ammonia administered 
and the ammonia formed in the cell must be treated alike. If 
ammonia is used in the synthesis, the newly formed amino acid 
should contain an increased amount of isotope. As administered | 
ammonia is not directly excreted in the urine, but first converted 
into urea, it is involved in metabolic reactions. As will be shown 
later, it is available also for other syntheses. 

We have carried out two exploratory experiments by feeding 
isotopic ammonia to animals under conditions in which amino acid 
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synthesis was to be expected. An adult rat was kept on a stock 
diet, the protein of which was casein. This does not contain ap- 
preciable amounts of glycine. About 300 mg. of benzoic acid 
were added to the diet for 10 days; this resulted in a continuous 
excretion of glycine (830 mg.) in the form of hippuric acid, for 
which an equivalent amount of glycine must have been synthe- 
sized. ‘The diet also contained 1.2 per cent nitrogen (with 1.21 
atom per cent N® excess) in the form of ammonium citrate. 
The animal kept its weight and consumed the same amount of 
food as the controls on the same diet without benzoic acid and 
ammonium citrate. 

The nitrogen of the urinary hippuric acid contained a small but 
definite increase of the nitrogen isotope (0.025 to 0.045 atom per 
cent), which indicates that at least a small amount of the dietary 
ammonia was utilized for the glycine synthesis. As the dietary 
ammonia contained 1.21 atom per cent N” excess, about 3 to 4 
per cent of the urinary glycine was formed by use of nitrogen of the 
administered ammonia. The creatine isolated from the carcass 
also contained a small but significant increase of the isotope. 

A similar result was obtained in the second experimental series: 
Two immature rats of 60 gm. each were kept for 5 days on a low 
protein diet (3 per cent as yeast protein) which contained 2.3 
per cent nitrogen as ammonium citrate (1.21 atom per cent N® 
excess). The animals lost weight as was expected. These un- 
physiological conditions were chosen in the expectation that the 
rats in the need of protein might synthesize at least a moderate 
amount of amino acids by utilizing the isotopic ammonia. ‘This 
was the case. The protein nitrogen of the carcass contained a 
slight excess of N“ above normal. 

In order to locate the isotopic nitrogen in the body constituents, 
samples of the following seven different amino acids, in addition 
to creatine, were isolated in pure state: glycine, glutamic acid, 
aspartic acid, proline, histidine, arginine, and lysine. All these 
substances, with the exception of lysine, contained a small but 
definite excess of N%. The isotope concentration in the lysine 
was normal (Table II). 

The highest values were found in glutamic acid and in aspartic 
acid. It is interesting to note that the dicarboxylic acids, which 
according to the work of Braunstein and Kritzmann (6) seem to 
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play an especially active réle in amino acid metabolism since they 
are intermediates in the formation of other amino acids, demon- 
strate this activity also by their high uptake of isotopic nitrogen. 
The findings on lysine and on the dicarboxylic acids are similar 
to those of the experiments in which animals were given heavy 
water (7). Glutamic and aspartic acids isolated from these ani- 
mals had the highest deuterium content, while lysine was free of 
the isotope. 

The arginine from the animals given isotopic ammonia also 
contained N*. In order to locate the isotope in the molecule of 
this amino acid, the arginine isolated was hydrolyzed with strong 
alkali into ornithine and ammonia (8). ‘The isotope was found in 
the ammonia, while the ornithine contained normal nitrogen. 
The isotope was thus present in the HN==CNH, part of the 


guanido group of the arginine. It is the same part which is 
liberated as urea by arginase,' and which according to the theory 
of Krebs and Henseleit (9) is potential urea and is involved in 
normal urea formation. As ammonia given to animals is always 
converted into urea, our finding on arginine is additional support 
for this theory. 

The high isotope content of the amide nitrogen of the protein 
is noteworthy. More than 10 per cent of this amide nitrogen was 
derived from the administered ammonia. According to the well 
accepted theory, the amide nitrogen in proteins is linked to the 
free carboxyl group of the combined dicarboxylic acids (as glu- 
tamine and asparagine). ‘The result is of interest in connection 
with the finding of Leuthardt (10) that glutamine and asparagine 
may form urea independently of the ornithine cycle. The rela- 
tion of urea formation to arginine and amide nitrogen will be dis- 
cussed in a subsequent publication. 

The experiments leave no doubt as to the ability of animals to 
utilize at least a small amount of ammonia for amino acid and 
creatine formation. However, the unphysiological conditions 
employed in both series make it uncertain that we are dealing with 
a process which takes place under normal conditions. 


1 We have not employed arginase for the splitting as the normal nitrogen 
in the enzyme solution would have diluted the isotope in the amino acid. 
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EXPERIMENTAL 


Feeding Benzoic Acid and Isotopic Ammonia to an Adult Rat—- 
A male rat of 198 gm. was kept in a metabolism cage on the fol- 
lowing diet: casein 16, corn-starch 47, lard 25, yeast 5, salt mixture 
(Osborne and Mendel (11)) 4, and sodium benzoate 3 per cent. 
After 2 days on this diet the animal received for another 6 days an 
addition of isotopic ammonia (1.21 atom per cent N™ excess) as the 
citrate. The diet thus contained 3.5 per cent total nitrogen, of 
which 0.6 per cent was that of the isotopic ammonia. As the 
average daily food intake was 12.1 gm., the animal consumed 72 
mg. of ammonia nitrogen daily. Its weight remained constant 
(197 gm. at the end of the experiment). The urine was collected 


TABLE 


Isotope Content of Compounds from Rat Given Benzoic Acid and Ammonia 
N* (1.21 Atom Per Cent Excess) 


The isotope concentration in the hippuric acid isolated before the feeding 
of isotopic N H; was 0.002 atom per cent N™ excess. 


Compound Feeding period concentration 
days atom per cent excess 


under toluene and pure hippuric acid was isolated daily in the 
usual manner. From the urines of the 8 day period a total of 1.89 
gm. of hippuric acid, corresponding to 0.83 gm. of glycine, was iso- 
lated. For the isotope determination the samples obtained on the 
5th, 6th,and 8th days were analyzed separately. The creatine of 
the carcass was isolated as described later. The results are given 
in Table I. 

Feeding a Protein-Low Diet and Isotopic Ammonia to Immature 
Rats—Two male rats of 72 gm. each were kept in a metabolism 
cage on a diet of the following composition: corn-starch 63.75, 
lard 28.35, yeast 5.65, salt mixture (11) 2.25 per cent. To the 
diet was added 2.25 per cent of nitrogen (1.21 per cent N™ excess) 
in the form of ammonium citrate. A sample of the total nitrogen 
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of the diet was analyzed for its isotopic composition. It contained 
0.83 atom per cent N® excess; 7.e., about 70 per cent of the dietary 
nitrogen was present as ammonia (1.21 atom per cent N" excess). | 
The animals were kept on this diet for 5 days. They had con- 
sumed at the end of the experiment a total of 40 gm. of the diet, 
corresponding to an average of 180 mg. of ammonia nitrogen 
(1.4 gm. of N per kilo of body weight) per day. 

The average weight of the animals had dropped from 72 gm. 
to 60.6 gm.; z.e., each animal lost about 2.2 gm. per day. The 
rats were killed; the intestinal tract was removed, washed with 
water, and added to the rest of the carcasses. The combined 
material (120 gm.) after being cut into small pieces was extracted 
three times with boiling alcohol for 8 hours each. The combined 
alcohol extracts were used for the isolation of creatine as described 
later. 

Isolation of Amino Acids—The extracted carcasses were dried 
(weight 29 gm.) and boiled for 20 hours with 20 per cent hydro- 
chloric acid. The solution was made neutral to phenolphthalein 
with barium hydroxide and the precipitate filtered off, whereby 
most of the calcium and phosphates of the skeleton were removed. 
From an aliquot of the solution free ammonia was distilled off 
in vacuo for the isotope analysis of the “amide nitrogen.”’ The 
remaining solution was freed of barium, and samples of the follow- 
ing amino acids were isolated by procedures previously described 
(7): glycine, glutamic acid, aspartic acid, proline, histidine, lysine, 
and arginine. The samples were recrystallized until pure (Kjel- 
dahl analysis). 

Splitting of Isotopic Arginine —24 mg. of the arginine mono- 
hydrochloride were boiled for 6 hours with 50 per cent KOH. A 
slow stream of nitrogen gas carried the liberated ammonia into a 
receiver containing dilute H,SO,;. Isotope analyses were carried 
out with the ammonia solution as well as with the alkaline solution | 
containing the ornithine. 

Isolation of Creatine As Potassium Creatinine Picrate from the 
Carcasses—The alcoholic extract of the carcasses was evaporated | 
to a small volume in vacuo, and the aqueous residue made acid 
(approximately 1 N) with hydrochloric acid and extracted with 
ether to remove fats. It was boiled for 4 hours to convert creatine 
into creatinine, brought to dryness tin vacuo, and the residue dis- 
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solved in 300 cc. of water. It was cleared by adding a solution of 
1 gm. of lead acetate followed by NaOH until just alkaline to 
phenolphthalein; lead was removed from the filtrate by hydrogen 
sulfide. The solution was made faintly acid to Congo red with 
hydrochloric acid, and treated with 0.5 gm. of picrie acid and 0.5 
gm. of potassium picrate, which were dissolved by warming. ‘The 
crystals formed after 2 days standing in the ice box were recrystal- 
lized from 300 ce. of a solution containing 0.12 per cent of picric 
acid and 0.12 per cent of potassium picrate. In this solution at ice 
temperature potassium creatinine picrate is practically insoluble 


TABLE II 


Compounds from Immature Rats Given Low Protein Diet and Isotopic 
Ammonia (1.21 Atom Per Cent N* Excess) 


N® excess 

| atom per cent 
Glutamic acid.......... | 0.085 


and recrystallization can be repeated many times without ap- 
preciable loss. The final product, 0.703 gm. (from the second 
series), was assayed colorimetrically for its creatinine content; 
found 18.5 per cent, calculated 18.6 per cent. N (Kjeldahl after 
reduction with Sn + HCl) found 20.8, 20.6; calculated 20.7. 
For the isotope analysis of the creatinine a sample of the potas- 
sium creatinine picrate was freed of picric acid by suspending in 
dilute HeSO, and extracting with ether. The analysis was carried 
out with the aqueous solution. 

All values obtained in the isotope analyses of the compounds 
from the animals are given in Table II. 
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DISCUSSION 


All the isotope values listed in Tables I and II, with the excep- 
tion of that of lysine and ornithine in Table II, are above normal. | 
The increase of N™ is far above the limit of error discussed in 
Papers I and II of this series. 

The isotope was given to the animals in the form of ammonia 
and could not have entered the organic compounds in the animals 
by mere physical exchange, as the nitrogen in the compounds is 
stably bound. This is further shown by the negative findings on | 
lysine (and on ornithine). If the presence of isotope in the amino 
acids were due to physical exchange, it should be found in all 
amino acids, including lysine, as the carbon-nitrogen linkage at 
the a-carbon atoms is the same. The isotopic nitrogen must have 
entered by a chemical reaction, either by a new formation of amino 
acids from substances with different carbon chains or by succes- 
sive deamination and amination of the same carbon skeleton (see 
discussion in (7)). 

The results of both experiments offer definite proof for the abil- 
ity of rats to utilize at least a small amount of dietary ammonia. 
They suggest that ammonia liberated from amino acids may be | 
utilized for the formation of other amino acids. They do not, 
however, exclude other mechanisms, such as the direct transfer of 
nitrogen from an amino acid to a keto acid as discussed before. 

Both experiments were unphysiological. Hippuric acid forma- 
tion is a normal process in herbivorous animals, but the amount 
of benzoic acid detoxified in our first experiment is much higher 
than is ever observed normally. This fact, together with the 
peculiar conditions under which the rats were kept in the second 
experiment, leaves it uncertain whether the observed slight utiliza- 
tion of ammonia plays an appreciable réle under normal conditions. 


SUMMARY 


1. Two experiments were carried out on the utilization of am- 
monia for amino acid synthesis in rats by feeding ammonia N®. 

2. An adult rat was given a diet containing 16 per cent casein, 
together with benzoic acid and isotopic ammonia in the form of 
ammonium citrate. While the diet was practically devoid of 
glycine the animal excreted in the 8 day period more than 830 mg. 
of glycine in hippuric acid. At least part of this glycine must have 
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been synthesized. The nitrogen of the hippuric acid showed a 
small but definite increase of its isotope content, demonstrating 
the utilization of a small amount of dietary ammonia for glycine 
formation. 

3. Two immature rats were fed a low protein diet to which a 
large amount of isotopic ammonia was added as the citrate. Crea- 
tine, glycine, glutamic acid, aspartic acid, proline, histidine, lysine, 
and arginine were isolated from the bodies of the animals. All, 
with the exception of lysine, contained an excess of isotope, the 
highest concentration being found in glutamic and aspartic acids. 
The animals had thus utilized a small amount of the dietary am- 
monia. 

4. The ammonia liberated during protein hydrolysis (‘“‘amide 
nitrogen’’) had an isotope concentration much higher than that 
of any amino acid. 

5. The arginine from the animals was hydrolyzed into ammonia 
and ornithine. The isotope was found in the ammonia, while 
the ornithine moiety had normal nitrogen. The isotope was thus 
present in the guanido group of the arginine. 

6. The isotope content in the creatine of the tissues from both 
experiments was also above normal. 

7. The experiments offer proof for the ability of rats to utilize 
at least a small amount of ammonia for amino acid and creatine 
formation. 
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STUDIES IN PROTEIN METABOLISM 


VI. HIPPURIC ACID FORMATION STUDIED WITH THE AID 
OF THE NITROGEN ISOTOPE* 


By D. RITTENBERG ann RUDOLF SCHOENHEIMER 


(From the Department of Biological Chemistry, College of Physicians and 
Surgeons, Columbia University, New York) 


(Received for publication, October 3, 1938) 


Benzoic acid when given to mammals is detoxified by being 
coupled with glycine to form hippuric acid. This reaction goes on 
even when no glycine is present in the food. Animals can supply 
more glycine for this reaction than is present in the body— 
definite proof of the ability of animals to synthesize this amino 
acid. Dietary glycine, however, increases the tolerance for 
benzoic acid (1). 

The present experiment is concerned with the question as to 
whether dietary glycine is used directly for hippuric acid formation 
or whether tissue glycine is preferably employed. The results 
show that even when an excess of glycine is supplied, animals 
utilize only a very limited amount of the exogenous amino acid 
for hippuric acid formation, the bulk of the glycine being supplied 
by the animal. 

The use of the nitrogen isotope has made it possible to dis- 
tinguish between food and body glycine in an animal experiment. 
If glycine N“ is administered, the course of this amino acid can be 
followed by its isotope content. It has been shown previously (2) 
that the nitrogen in glycine is stably bound and does not exchange 
with the nitrogen of other nitrogenous compounds unless a 
chemical reaction is involved. If isotopic glycine is given and 
normal glycine isolated from the excreta, this may be taken as an 
indication that the excreted material was not derived directly 
from the food. If the excreted material contains some of the 


* This work was carried out with the aid of a grant from the Josiah 
Macy, Jr., Foundation. 
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labeled nitrogen, the dilution factor of the isotope (ratio of the 
isotope in dietary to the isotope in urinary glycine) is a measure 
of how much of the urinary glycine was derived from the food 
and how much from the tissues. 

Adult rats previously kept on the usual stock diet were given 
300 mg. of benzoic acid either by stomach tube or by injection. 
Together with the benzoic acid an excess of glycine N® (2 moles 
of glycine per mole of benzoic acid) was administered. The 
urinary hippuric acid in all cases contained an excess of N®, 
indicating that administered glycine was utilized (Table I). The 
isotope concentration in all samples of the hippuric acid was, 
however, only about one-third of that in the administered glycine. 


TABLE 
Hippuric Acid Formation 
| Ns content in | Dilution factor of 
| No.ofanimals administered _ labeled N in 
me | | glycine | PP | hippuric acid 
| atom per cent | atom percent 
| ercess 
i | 2 | 0.21* | 0.08 | 2.6 
2 | 2 — 3.0 
3 5 | 1.067 0.48 | 2.2 


* Solution given by stomach tube. 
t Solution given by injection. 


Despite the excess of administered glycine, about two-thirds 
of the urinary glycine must thus have had another origin. The 
results do not indicate whether the glycine was taken from the 
proteins or was directly synthesized for the detoxification process. 
They do, however, point out that the organs supply the greater 
part of this amino acid, even when an excess is administered. 
There was no significant difference in the results whether the 
glycine and benzoic acid were injected (Experiments 2 and 3) or 
given by stomach tube (Experiment 1). 


EXPERIMENTAL 


The isotopic glycine was prepared as previously (3). All experi- 
ments were carried out with male rats weighing about 200 gm. 
which had been fasted for 12 hours previous to the experiment. 
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They were kept in metabolism cages and the urine was collected 
during 24 hours following the administration of the isotopic 
compounds. ‘The urine of the animals in each experiment was 
pooled and pure hippuric acid isolated in the usual manner. 

An amount of benzoic acid corresponding to 300 mg. per rat 
was given by stomach tube or by injection as sodium benzoate. 
The solution (about 3 cc.) contained 2 moles of isotopic glycine 
per mole of benzoic acid. 

The data obtained are given in Table I. 


SUMMARY 


1. Biological hippuric acid formation in rats was studied with 
glycine preparations containing labeled nitrogen. 

2. Glycine given with benzoic acid either by mouth or by 
injection is utilized for the hippuric acid formation. 

3. However, only part of the administered glycine, even if 
given in excess, is used for this reaction, the major part being 
supplied by the animal tissues. 
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STUDIES IN PROTEIN METABOLISM 
VII. THE METABOLISM OF TYROSINE* 


By RUDOLF SCHOENHEIMER, 8. RATNER, anp 
D. RITTENBERG 


(From the Department of Biological Chemistry, College of Physicians and 
Surgeons, Columbia University, New York) 


(Received for publication, October 3, 1938) 


In this paper we report the first experiment in which one amino 
acid of a normal diet, tyrosine, has been labeled by the nitrogen 
isotope. ‘The experiment was carried out with a full grown rat 
kept for 10 days on the ordinary stock diet, the protein of which 
consisted mainly of casein. The tyrosine of this diet was labeled 
by adding to it an amount of synthetic, isotopic dl-tyrosine cor- 
responding to twice that already present in the food. The isotope 
content in the added tyrosine was so high (2.04 atom per cent N® 
excess) that its nitrogen could be diluted with several hundred 
times the amount of ordinary nitrogen and still be detectable by 
the analytical methods. We feel confident that we have carried 
out an experiment under physiological conditions, as the amino 
acid composition of natural diets differs widely and animals are 
accustomed to considerable variations in the amounts of the 
component amino acids. 

The original aim of this exploratory experiment was merely to 
find out whether in nitrogen equilibrium the nitrogen in the uring 
is derived from the food proteins directly or whether dictary 
nitrogen is deposited, with liberation of an equivalent amount of 
tissue nitrogen for excretion. 

In our experiment only part (50 to 60 per cent) of the labeled 
nitrogen given in the dl-tyrosine was recovered from the urine, 
while almost all of the rest was found in the tissues. The amount 
of labeled nitrogen deposited in the organs was so large that the 


* This work was carried out with the aid of a grant from the Josiah 
Macy, Jr., Foundation. 
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original scope of the experiment was widened, and an attempt was 
made to trace the labeled nitrogen in the body constituents of the 
animal.! 

The liver, the blood, and the rest of the carcass were worked 
up independently in such a way as to separate the non-protein 
nitrogen from the protein nitrogen. “Twenty-one different frac- 
tions or pure compounds were isolated and their isotope content 
analyzed. Almost all of the labeled nitrogen retained in the 
animal was found in the proteins and only small quantities in the 
non-protein nitrogen fractions. The concentration of labeled 
nitrogen in the liver was much higher than in the remaining 
carcass, a finding in agreement with the well established theory 
that the liver plays an important rdéle in protein metabolism. As 
no other organ, such as the kidney or the intestinal tract, was 
investigated separately, it cannot be decided whether the liver 
differs in this respect from other internal organs. The blood 
corpuscles contained almost no labeled nitrogen, but the isotope 
concentration in the plasma fell between that of the total carcass 
and that of the liver. 

The samples of pure tyrosine isolated from the liver protein 
and from the carcass protein contained a high concentration of 
labeled nitrogen; 7. e., some dietary tyrosine was directly deposited 
in the tissue proteins. The amount of the isotope in the total 
tyrosine of these proteins, however, accounted for only 25 to 30 
per cent of the total labeled nitrogen in the proteins. The major 
part was thus present in other protein constituents. 

The isotope, apart from tyrosine, could be located in four differ- 
ent places: (1) in the a-amino group of other amino acids; namely, 
in the dicarboxylic acid fraction (glutamic and aspartic acids) 
which was secured from the proteins both of the liver and of the 
eareass; (2) in histidine isolated from the liver proteins; (3) in the 
arginine obtained from the liver proteins. The labeled nitrogen 
could be located in that part of the guanido group which repre- 
sents “potential urea’ (split off as urea by arginase). The 


1 At the time when the feeding was started the amount of isotope avail- 
able limited the experiment to one animal. The administration of an 
isotopic compound to only one rat can give direct evidence of the ability 
of the animal to convert one substance into another. Some of the reactions 
discussed below are certainly typical for the normal metabolism of tyrosine. 
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ornithine moiety of the arginine contained no labeled nitrogen; 
| (4) in the “‘amide nitrogen” (liberated as ammonia during prote- 
olysis) in the proteins from liver and from carcass. 

In all these substances the concentration of labeled nitrogen 
was much lower than in the tyrosine, but far above the limit of 
error of the analytical method. 

The only amino acid isolated which contained no labeled nitro- 
gen Was lysine. 

The amount of labeled nitrogen found in the few fractions 
investigated (tyrosine, dicarboxylic acids, arginine, histidine, and 
“amide nitrogen’’) still accounted for only a portion of the total 
isotope in the proteins. Other amino acids which were not 
isolated must also have contained labeled nitrogen. 

The results indicate that in our rat the nitrogen of at least one 
of the dietary amino acids, tyrosine, was only partly excreted in 
the urine, while almost half of it was retained in the body proteins. 
| Of this deposited nitrogen, only a fraction was found attached to 
the original carbon chain, namely to tyrosine, while the bulk was 
distributed over other nitrogenous groups of the proteins. 


EXPERIMENTAL 


A 15 month-old male rat weighing 345 gm. was kept for 6 days 
on the following diet: casein 15, corn-starch 68, yeast 5, salt 
mixture (Osborne and Mendel (1)) 4, cod liver oil 2, and Wesson 
oil 6 per cent. The total protein of the diet contained about 4.5 
per cent tyrosine. After 6 days an amount of isotopic dl-tyrosine 
(2.04 atom per cent N® excess) corresponding to double that in the 
dietary protein was added to the diet. It was dissolved in a small 
volume of water with an equivalent amount of NaeCO;. The 
animal received this addition for 10 days while the urine was 
collected. At the end of this period the animal had consumed a 
total of 1.867 gm. of the added tyrosine corresponding to 144.4 mg. 
of N. The animal did not spill food and its weight remained 
practically constant. (The weight at the end of the period was 
350 gm.) 

The animal was anesthetized with ether, and 10 ec. of blood 
were collected by heart puncture. It was killed and the total 
digestive tract removed and discarded. The liver was worked up 
separately from the remaining carcass. All samples were treated 
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in such a way as to separate the non-protein nitrogen from the 
protein. 

Fractionation of Blood—10 cc. of the oxalated blood were 
centrifuged and the plasma was separated from the corpuscles. 
5 ec. of plasma were treated with 50 ec. of 6 per cent trichloroacetic 
acid, and the precipitate filtered and washed with 6 per cent 
trichloroacetic acid. The precipitate (protein fraction) contain- 
ing 47.5 mg. of N and the filtrate (non-protein fraction) containing | 
1.8 mg. of N were used for isotope analysis. The corpuscles 
were treated in an analogous manner. The non-protein nitrogen 
from the corpuscles was lost. 

Fractionation of Liver —The liver (9.5 gm.) was frozen with 
solid carbon dioxide, pulverized in a steel mortar, and extracted 
with 6 per cent trichloroacetic acid. The filtrate (containing 
16.5 mg. of N) was used for the analysis of the non-protein nitrogen 
and the precipitate (containing 224 mg. of N) for the isolation of 
amino acids. 

Amino Acids from Liver Protein. Tyrostine—The precipitate 
was hydrolyzed with 15 ec. of 20 per cent hydrochloric acid and 
an aliquot taken for the isotope analysis of protein nitrogen. 
The hydrochloric acid was removed by distillation and by treat- { 
ment with silver carbonate. The hydrolysate was finally con- 
centrated to about 5 ec. ‘The tyrosine which crystallized during 
2 days in the ice box was collected and recrystallized from hot 
water. 30 mg. of pure tyrosine were obtained. 

N (Kjeldahl) found 7.37 per cent; calculated 7.64 per cent. 

Isolation and Splitting of Arginine—The mother liquor was | 
brought to a volume of 30 cc. and arginine was precipitated with 
flavianic acid and the flavianate recrystallized. The 270 mg. of 
substance were decomposed with HeSO, and butyl alcohol. The 
aqueous layer containing the arginine was treated with charcoal. 
An aliquot of the aqueous solution was used for the isotope deter- 
mination in the arginine and the rest was hydrolyzed into ammonia | 
and ornithine as previously described (2). 

“Amide Nitrogen’’—-After removal of excess flavianic acid with : 
butyl aleohol and charcoal, an aliquot of the mother liquor of the 
arginine precipitation was made alkaline with Ba(OH)s, and the 
ammonia was distilled 72 vacuvo into a receiver containing HeSQ,. 
The total amount of amide nitrogen of the liver protein was 
10.7 mg. 
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Dicarboxylic Acids——The residual alkaline solution (30 cc.) 
was added to 120 ce. of ethanol. The precipitate formed over- 
night was filtered off and dissolved in 25 ce. of water. The solu- 
tion was cleared with charcoal and again treated with 4 volumes 
of alcohol. ‘The barium salts of the dicarboxylic acids were used 
for isotope analysis. 

Histidine Barium was removed from the mother liquor of the 
barium precipitation and the basic amino acids were precipitated 
with phosphotungstie acid. The washed phosphotungstates were 
decomposed by extracting the acidified solution with a mixture of 
amyl alcohol, ethyl aleohol, and ether (3). From the aqueous 
layer histidine was precipitated with HgCl, at pH 6.5 in ethanol 
(4). The washed precipitate was decomposed with HS and the 
precipitation was repeated. The HgCl. complex, containing 3.4 
mg. of N, was used for the isotope analysis of histidine. 

Lysine—After removal of mercury the mother liquor from the 
histidine precipitation was evaporated to dryness and theresidue 
extracted with ethanol. On concentration to about 0.5 ec. lysine 
monohydrochloride was precipitated by addition of pyridine and 
alcohol. It was twice recrystallized by dissolving in water fol- 
lowed by precipitation with ethanol. The yield was 14 mg. 

N (Kjeldahl) found 14.5 per cent; calculated 15.1 per cent. 

Fractionation of Remaining Carcass—The ecareass (from which 
blood, liver, and intestinal tract had been removed) was passed 
twice through a meat grinder and extracted with 1750 ce. of 6 per 
cent trichloroacetic acid at room temperature. The filtrate 
contained 947 mg. of N (non-protein nitrogen). The residue 
containing 8.94 gm. of N was hydrolyzed and 250 mg. of pure 
tyrosine were obtained by crystallization followed by two re- 
erystallizations. 

N (Kjeldahl) found 7.64 per cent; calculated 7.74 per cent. 

Amide nitrogen (383 mg.) and the barium salts of the dicarbox- 
ylic acids were obtained as described for the liver. 

Fractionation of Urine—The urines of the first 9 days containing 
1.950 gm. of total N were pooled and a sample was used for isotope 
analysis. The urine of the last 24 hours was collected separately. 
Ammonia was absorbed on permutit and recovered from it by 
addition of strong alkali and distillation into acid. The filtrate 
from the permutit was treated with urease and the ammonia 
liberated was carried into acid by a stream of air. The urine 
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contained 167.5 mg. of total N, 140 mg. of urea N, and 3.0 mg. 
of ammonia N. 

The isotope analyses of all the samples obtained from the animal 
are given in Table I. 

Quantitative Determination of Tyrosine in Liver and Carcass of 
Rat—For the calculation of the amount of dietary tyrosine re- 


TABLE | | 


N* Concentration in Nitrogen of Substances Isolated from Rat Given 
dl-Tyrosine N* 


Substance | Nu 
atom per cent excess 
Liver Total protein — 0.039 
Tyrosine | 0.316 
Arginine | 0.030 
NH; from arginine | 0.058 
Glutamic + aspartic acid 0.056 
Lysine 0.003 
Histidine 0.015 
Amide N 0.044 
Non-protein N 0.038 
Carcass Total protein 0.012 
Tyrosine 0.100 
Glutamic + aspartic acid 0.010 
Amide N | 0.012 
Non-protein N | 0.015 
Blood Protein from plasma | 0.029 
Non-protein N from plasma 0.066 
Protein from corpuscles 0.009 | 
Urine Total N first 9 days 0.077 
Tast 24 brs. 0.067 | 
Urea last 24 hrs. 0.067 
0.197 
tained by the animal, the amount of total tyrosine in our rat must 
be known. We have determined by the method of Folin and | 


Marenzi (5) in another rat the tyrosine content of the liver and of 
the carcass from which the liver and intestinal tract had been 
removed. According to these analyses the liver of our animal 
should have contained 77 mg. and the remaining carcass 2770 mg. 
of tyrosine. 
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DISCUSSION 


Amount of Dietary Tyrosine Incorporated in Proteins—The 
incorporation of dietary tyrosine in the tissues of a normal animal 
recalls the results of experiments in which labeled fatty acids were 
given to normal mice (6). Even when the animals kept their 
body weight constant, a large fraction of the dietary fatty acids 
was deposited, with liberation of an equivalent amount of tissue 
fatty acids for combustion. 

Almost all of the labeled tyrosine in our animal was in the pro- 
teins. ‘The total amount of non-protein nitrogen and its isotope 
content were not large enough to account for a significant quan- 
tity of tyrosine. 

From the isotope content of the tyrosine isolated and that of 
the diet, one can calculate the minimum amount of the dietary 
amino acid deposited in the proteins. The material consumed 
was a mixture of 0.93 gm. of ordinary tyrosine in the food proteins 
and 1.86 gm. of added isotopic material with 2.04 atom per cent 
N® excess. A total of 2.79 gm. of tyrosine with 1.36 atom per 
cent N® excess was thus consumed. ‘The liver protein of the 
animal contained 77 mg. of tyrosine with 0.32 atom per cent N'® 
excess, and the remaining carcass 2770 mg. of tyrosine with 0.10 
atom per cemt. From the dietary tyrosine there were thus derived 
24 per cent or 18 mg. of the liver tyrosine and 7 per cent or 204 mg. 
of the carcass tyrosine. A total of 222 mg. or 8 per cent of the 
consumed tyrosine was recovered from the tissue proteins. 

In the calculations no account was taken of the fact that the 
isotopic tyrosine added to the diet was racemic. The metabolism 
of amino acids of unnatural steric configuration is known to be 
different from that of the natural isomerides; they are not de- 
posited in the protein as such. From work on indispensable 
amino acids, it is known that some of the unnatural acids may 
substitute for the natural ones in the diet; 7.e., they may be con- 
verted. On the basis of the current conception of such conversions 
(deamination and amination of the corresponding keto acid) as 
well as of experiments to be published later, it is improbable that 
the nitrogen originally present would have remained attached to 
the carbon chain during this reaction. In our experiment, if the 
conversion had occurred, the labeled nitrogen of the unnatural 
d(+)-tyrosine would probably have been replaced by normal 
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nitrogen, thus diluting the isotope concentration of the deposited 
tyrosine. If the animal had received the natural /(— )-tyrosine 
only, the amount of labeled tyrosine deposited would probably 
have been considerably higher than 8 per cent. 

Isotope Content in Protein Molecule Apart from Tyrosine. Liver 
Protein—This protein contained 77 mg. of total tyrosine, cor- 
responding to 5.9 mg. of N. The isotope in this nitrogen was 
0.316 per cent or 0.018 mg. of N” excess. The total protein 
nitrogen of the liver, 224 mg., contained 0.039 per cent or 0.087 
mg. of N® excess. Thus 0.069 mg. of N' excess (0.087 — 0.018 
mg.) must have been present apart from tyrosine; 7.c., only about 
25 per cent of all the labeled nitrogen in the protein was present 
as tyrosine. 

Carcass Protein—This protein contained 2770 mg. of total 
tyrosine, corresponding to 213 mg. of N. The isotope content in 
this nitrogen was 0.10 per cent, or 0.21 mg. of N® excess. The 
total protein contained 8900 mg. of nitrogen with 0.012 per cent 
or 1.06 mg. of N® excess. Thus 0.85 mg. of N” excess must have 
been present apart from tyrosine; z.e., only about 20 per cent of all 
the labeled nitrogen in this protein was present as tyrosine. 

The last value obtained for the carcass protein includes a some- 
what larger error than that for the liver, as the value fer the isotope 
concentration in the carcass protein is rather low. But evena 
considerable error could not alter the conclusion that also in this 
protein only a fraction of the labeled nitrogen was present as 
tyrosine. 

Dicarboxylic Acids—-These were the only monoamino acids 
investigated. The labeled nitrogen must have been derived from 
nitrogen of the dietary tyrosine. The result does not indicate 
whether tyrosine was directly converted into the dicarboxylic 
acids, 7.e. whether the carbon was also utilized, or whether the 
nitrogen only was involved, but the utilization of the carbon chain 
for the formation of dicarboxylic acids is highly improbable. It 
is more likely that the nitrogen only was used, for example for the 
amination of the corresponding keto acid. Whatever the mecha- 
nism may be, the result must be taken as proof that our animal, 
which was fed a stock diet and was kept in nitrogen equilibrium, had 
formed new amino acid molecules, even such as were abundant in 
the diet (casein contains 4.1 per cent of aspartic acid and 22 per 
cent of glutamic acid). Any reaction which led to the introduc- 
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tion of isotopic nitrogen into these monoamino acids must have 
been accompanied by an opening of the peptide linkage by w me h 
the nitrogen atom was bound. 

From the isotope concentration in the dietary tyrosine and that 
of the dicarboxylic acids the minimum amount of dicarboxylic 
acids in the liver which were newly formed by using tyrosine 
nitrogen can be calculated. As the tyrosine contained 1.36 and 
the dicarboxylic acids 0.056 atom per cent N” excess, the fraction 
of the newly formed compounds was 4.3 per cent. 

‘Tyrosine is only one of the amino acids of casein, and the 
tyrosine nitrogen represented only 6 per cent of the total protein 
nitrogen in our diet. It is possible—-though improbable—that 
tyrosine was the only amino acid the nitrogen of which was used for 
these synthetic reactions. The nitrogen of the other amino acids 
was not labeled, and a transfer of it to the dicarboxylic acids would 
not have been detected in our study. If the tyrosine nitrogen 
utilized for the synthesis represents only part, the percentage of 
newly formed dicarboxylic acids must have been correspondingly 
higher. 

HistidineWe have not yet located the position of the labeled 
nitrogen in the 3 nitrogen atoms of this amino acid. As 
histidine is an indispensable food constituent, it is likely that no 
chemical reaction had occurred whereby ring nitrogen was re- 
placed by isotopic nitrogen. The labeled nitrogen was probably 
attached almost exclusively to the a-carbon atom and may have 
been introduced by successive deamination and amination in a 
way such as has been suggested (7) for the introduction of stable 
deuterium into histidine in the living animal. 

Arginine —The arginine isolated from the liver protein contained 
0.030 atom per cent N excess. The ammonia obtained by alka- 
line hydrolysis contained double this concentration (0.058 atom 
per cent). As 2 nitrogen atoms are split off from a total of 4 in 
this reaction, all labeled nitrogen must have been present in that 
part of the molecule which was recovered as ammonia, and repre- 
sents “‘potential urea.”’ The ornithine moiety, which in this 
experiment was not analyzed, must have contained only normal 
nitrogen. This result is analogous to that in the previous experi- 
ment (2), in which animals were given labeled ammonia instead 
of tyrosine. 

In the present experiment the arginine was isolated from the 


| 

| 

| 
| 
| 
| 
| 
| 
| 
| 
| 


342 Protein Metabolism. VII 


liver, while in the earlier one it was obtained from the total carcass. 
The ammonia (or ‘“‘potential urea’’) from the liver arginine had a | 
| concentration of labeled nitrogen (0.058 atom per cent N excess) 
t almost as high as that of the urinary urea (0.067 atom per cent 
N*® excess). This may be taken as even a better support of the 
theory of Krebs and Henseleit (8) than the results of the previous 
experiment, as urea formation is supposed to occur only in the 
liver.? 

Amide Nitrogen—The isotope concentration of this fraction 
obtained from the liver was only slightly lower than that of the 
“potential urea’’ in arginine. Leuthardt (9) has given evidence 
that glutamine and asparagine form urea independently from the 
ornithine cycle. Our amide nitrogen was obtained from the 
protein; 7.e., the amide groups were attached to dicarboxylic acids 
in protein linkage.* 

Lysine—The lysine isolated from the liver was the only sub- 
stance which contained no labeled nitrogen. ‘This finding is in 
agreement with the results of all earlier experiments, in which 
isotopes have been applied to the study of amino acid metabolism. 
Of all amino acids investigated lysine was the only one which did 
not take up deuterium from heavy water in the body fluids (7), 
and in one of the preceding papers (2) it was shown to be the only 
substance which does not take up N” from isotopic ammonia 
given torats. The new finding can be taken as additional support 
for the theory (7) that lysine is not subjected in the animal to any 
reversible chemical reactions involving the carbon chain, such as 
for instance the process of successive deamination and amination 
of the corresponding keto acid. 


2 There is, however, one point which makes it difficult to explain our 
findings directly by that theory. Arginase, supposed to be one of the 
enzymes involved in urea formation, acts only on free arginine, not on 
arginine in protein linkage. Our isotopic arginine was isolated from the 
liver protein. If our finding of the almost equal isotope concentration 
in the urinary as well asin the ‘‘arginine urea’’ were to be explained by the 
Krebs theory, it would be necessary to assume either that the arginine in 
protein linkage is involved in urea formation, or that free arginine and 
protein arginine continuously exchange their places in the liver. 

3 If our findings be explained by the Leuthardt theory, the same assump- 
tion would have to be made as for the isotopic arginine: either glutamine 
and asparagine, while in protein linkage, are involved in urea formation, 
or free glutamic and aspartic acids exchange their places continuously 
with the same acids in protein linkage. 


4 
a 
} 
t 
} 
on 
a 
} 
> 
=| 
3 
re" 
>. 
43 
| 
3 
i 
; 
oy 


Schoenheimer, Ratner, and Rittenberg 343 


The lack of labeled nitrogen in the lysine of the earlier experi- 
ment (2) was taken as support of the theory that the introduction 
of the isotope into other amino acids had not occurred by mere 
physical exchange of the nitrogen but rather by chemical reaction. 
The same reasoning applies to the present experiment: the intro- 
duction of tyrosine nitrogen into the other amino acids must 
have occurred by chemical reaction. 

Mechanism of Nitrogen Transfer in Amino Acids—The results 
of the present experiment are similar to that in which labeled 
ammonia was given to immature rats (2). The distribution of 
labeled nitrogen in the different fractions of the proteins runs 
roughly parallel in the two experiments. This might indicate 
that in the present experiment ammonia was an intermediate 
between tyrosine and the newly formed compounds. However, 
in the earlier experiments very large quantities of labeled nitrogen 
were given (1.4 gm. of N daily per kilo of body weight), whereas 
in the present study the animal received only 60 mg. of tyrosine 
N daily per kilo of body weight. If the experiments could be 
compared, tyrosine would seem to be a much more efficient ‘‘nitro- 
gen donor’’ than ammonia. 

The two experiments, however, are not comparable. The 
first one with ammonia was carried out under unphysiological 
conditions, while in the present study the conditions were normal. 
A control experiment in which moderate amounts of ammonia 
are added to the normal stock diet may reveal the mechanism. 


SUMMARY 


1. An adult, non-growing rat was kept for 10 days on a stock 
diet, the tyrosine of which was labeled by the addition of dl- 
tyrosine 

2. Only about half of the labeled nitrogen was recovered in the 
urine, while almost all of the remainder was found in the tissues. 
Only a small quantity was located in the non-protein nitrogen of 
the tissues; the bulk was in the proteins. 

3. The liver protein contained about 3 times the concentration 
of labeled nitrogen found in the proteins of the rest of the body. 
The proteins were hydrolyzed, and a number of their constituents 
were isolated to locate the position of the isotope. 

4. Tyrosine samples isolated separately from the liver proteins 
and from the proteins of the rest of the body had a high concentra- 
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